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P. BLICATION of this issue in two parts 1s an Innovation introduced 
by the Publications Committee, as one step toward increased service to all 
members through the publications program. Its purpose is two-fold 

1. Publication of valuable Conference papers and discussion is speeded, 
for their earlier reference use to engineers 

2. Through the mass publication of a major portion of the 1960 Confer- 
ence papers, space will be afforded in subsequent issues of IE for more 
material on the application aspects of lighting, practical discussions of 
current problems and techniques, and other material of particular and 
current value to the lighting practitioner, architect and consulting engineer 

In this part, designated as Section IIT of March IE, fourteen of the ref- 
erence papers presented at the 1960 National Technical Conference are 
published, together with discussion and rebuttal. Nine other papers from 
the 1960 Conference program have already been published in the October 
1960 through February 1961 issues. Twelve additional Conference papers, 
all of them having current interest for application engineers as well as 
future reference value, are scheduled for publication in subsequent issues 


ot IE Titles of the pape rs ve t to be published are 


The Application of Sodium Lamps to Public Lighting—J. B. de Boer, 
N. V. Philips, Gloeilampenfabrieken, Eindhoven, Netherlands 

Light Transmitting Plastic Enclosure for Outdoor Lighting Equipment 

Donald E. Husby and Melvin R. Anderson, Lighting Division, Westing- 
house Electric Corp., Cleveland, Ohio 

Roadway Brightness and Illumination as Related to Luminaire Distribu 
tions—Arthur W. Fowle and Richard L. Kaercher, Holophane Co., Ince., 
Newark, Ohio 

Factors Affecting the Efficiency of Street Lighting Systems—Joseph C 
Yaeger and Harold A. Van Dusen, Jr., Line Material Industries, South 
Milwaukee, Wis 

Progress in the Development and Application of Static Converters for 
High Frequency Fluorescent Lighting—W. H. Johnson, Lighting Division, 
Westinghouse Electric Corp., Cleveland, Ohio 

Measurement of Visual Information Cues—H. L. Logan and E. Berger, 
Holophane Co., Ine., New York, N. Y 

Aperture Lamps Applied—S. C. Peek, Sylvania Lighting Products, 
Salem, Mass 

Electroluminescent Lamp Brightness Measurement—Robert W. Wollen- 
tin, Stanley R. Goldfarb and D. Clifford Bell, Westinghouse Electric Corp., 
Bloomfield, N. J 

Developments in Quartz Infrared Lamps—W. F. Hodge, General Elee- 
trie Co., Cleveland, Ohio 

Air-Handling Troffers—Elden H. Witte and Benjamin S. Benson, Jr., 
Benjamin Division, Thomas Industries, Inc., Des Plaines, Il] 

Maintenance Factors for Interior Lighting—R. N. Edwards, Jr.. West- 
inghouse Electric Corp., Cleveland, Ohio. 
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Research on 


Street Lighting Glassware Breakage 


a years ago, a small midwestern 
city installed new street lighting luminaires. Main- 
tenance during the first year was negligible, but 
suddenly one June morning, there were many re- 
ports of broken glassware. The previous evening 
had been warm and humid, the typical calm be 
fore a storm. Shortly after dark a thunderstorm 
After 


wards, a complete inspection of all the installed 


had struck with its strong wind and rain 


luminaires revealed that one-third of the new lum)- 
naires had cracked or broken glassware whereas a 
nearby installation of similar luminaires of a dif- 
ferent make had suffered no breakage 

This story illustrates two items of significance in 
glassware breakage: (1) The weather condition de 
scribed leads to an extreme degree of thermal shock 
to the luminaire glassware and (2) some luminaire 
designs suffer glassware breakage and others do 
not when subjected to similar environmental con 
ditions. Much street lighting glassware breakage 
is due to thermal shock effects, while vandalism 
probably accounts for less glassware breakage than 


many people assume 


A paper presented at the or echt al Conference of the 


Illuminating Engineering Society epter 11-16, 1960, Pitteburg? 
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Street Lighting Glassware Breakage 


Van Dusen 


By HAROLD A. VAN DUSEN, JR. 


Four years ago a research project was initiated 
for the purpose of gathering information that 
could be used to increase the reliability of glass- 
lighting luminaires. One 
thing that soon became apparent was that there 


ware used in street 


was no reliable test procedure available for deter- 
mining the tendency of a luminaire design to suf- 
fer glassware breakage in service. Existing tests 
were usually variations of ‘‘water immersion’”’ 
thermal shock tests which usually gave the same 
results for glassware designs that had a poor break- 
age performance record in service as for those with 
excellent records. One result of this investigation 
was the development of a test procedure which 
gives a good degree of correlation with service ex- 
perience. 

Information was obtained through consultation 
with glassware manufacturers, studies of the avail- 
able literature, observation of numerous street 
lighting installations in service and the use of 
numerous laboratory tests and a special outdoor 
testing laboratory. The outdoor test laboratory, 
shown in Fig. 1, contained sixteen luminaires of 
various types operated at slightly over rated watt- 
age to accentuate any breakage tendencies. The 
laboratory was instrumented to measure and re 


Figure 1. Outdoor test laboratory. 
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Figure 2. Some of the luminaires used in the study. 
cord the effects of weather, such as ambient tem- 
perature, wind direction and velocity, rainfall rate, 
and relative sunlight intensity; and various lumi- 
naire temperatures. Fig. 2 illustrates some of the 
luminaire types studied. This test installation pro- 
vided a means for determining many of the envi- 
ronmental conditions which contribute to glassware 
breakage. 

Observations of installations in service included 
maintaining a close watch on a selected group of 
14 lighting installations representing over 700 lu- 
minaires. Complete maintenance records were 
maintained for periods of one to two years so that 
actual breakage performance of three different 
luminaire-glassware designs could be compared 
Breakage rates of these three designs were 31, 8 
and 0.4 per cent per year. Of the breakages oc 
curring in these installations, the majority were 
due to thermal shock or clamping strains and only 
about five per cent attributable to vandalism 


Characteristics of Glass 


Glass offers many desirable features for street 
lighting usage; however, it has many unique char 
acteristics, as compared with other engineering ma 
terials, which affect the design requirements of the 
luminaire-glassware combination. Glass is a true 
brittle 
strength, but it does not have the capability of 


material with extremely high inherent 


yielding to relieve localized concentrated stress and 
is, therefore, extremely notch sensitive. The fiber 
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strength of glass is reported to be on the order of 
210° pounds per square inch; however, the pres- 
ence of any minute flaws sets up regions of high 
concentrated stress which effectively lowers the 
actual tensile strength. 

Flaws, with rare exception, are always present 
on the surface of glass. They may be minute cracks, 
or even poor molecular bonds, and are usually 
limited to the surface. When glass is loaded in 
tension to an average value of 2000 to 20,000 
pounds per square inch, the concentrated stresses 
at the roots of surface flaws reach values suffi- 
cier‘}, high to cause them to grow. As a flaw, or 
erack, increases in size, the degree of stress con- 
centration increases and growth continues to fail- 
ure or until the stress is otherwise relieved. 

Initial growth of flaws is actually rather slow, 
thus giving glass the pronounced stress-time char- 
acteristics shown in Fig. 3. As a crack grows, it 
often leaves wave-like markings similar to those 
shown in Fig. 4. Observation of these markings 
enables one to determine the initial origin of the 
break and the direction that the cracks followed 
as they grew in size. Breakage almost always origi- 
nates at a surface and only when tensile stresses 
are present. The effective strength is extremely 
variable, even for identical pieces of glass, and 
therefore tests must include a large sampling for 
the results to be significant. 

Strength varies little for different compositions 
of glass, although the stress generated by thermal 
effects will vary due to differences in coefficients 
of thermal expansion and elasticity. Therefore, 
thermal shock characteristics will vary for differ- 
ent compositions of glass. Tempered glass does 
have a higher effective mechanical strength and 
thus has a greater resistance to thermal shock 


breakage. It is not normally feasible, however, to 
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Figure 3. Approximate stress-time characteristic of glass. 
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ORIGIN OF 
BREAK 


WAVE MARKINGS 


Figure 4. Illustration of wave-like markings often visible 


on broken sections of glassware. Direction of crack 


propagation is shown by arrows. 


temper complex or prismatic shapes. Tempered, 
non-prismatie globes having a hemispherical shape 
have shown excellent performance 

Thermal shock breakage occurs when a surface 
of heated glass is suddenly cooled. The thermal 
contraction of the cooled surface is resisted by the 
adjacent warm interior portion of the glass, thus 
causing a tensile stress on the cooled surface. If 
the temperature differential is sufficiently great, 
the stress will be sufficient to cause failure. A 
measure of thermal shock is the peak temperature 
differential simultaneously occurring between the 
hottest internal area or surface and the adjacent 
cooled surface. The presence of extraneous tensile 
stresses on the cooled surface will lower the effec- 


tive thermal stock resistance 


Breakage In Service 


Most breakage in service appears to be caused 
by rain striking hot glassware. High winds, snow, 
ete., are all capable of causing a certain amount 
of thermal shock, but the shock caused by rain is 
apparently the most severe and most breakage can 
be traced to rainstorms. Breakage is most preva- 
lent in late spring or early summer. 

Very often the initial breakage occurring on a 
luminaire will consist of a single crack, an inch or 
so in length, that is not readily apparent on casual 
observation. Such a crack will generally grow 
slowly due to repeated thermal contraction and 
The crack 


may require weeks before it causes complete fail- 


expansion as the luminaire is operated 


ure. It is, therefore, not uncommon to find glass- 
ware breakage a month or more after the rainstorm 
that caused the breakage 

Ambient temperature has little effect on thermal 
shock breakage. Rainfall temperature is generally 
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related to ambient temperature (rain tends to sta- 
bilize at wet bulb temperature) and the tempera- 
ture attained by the glassware will vary with the 
ambient. There is no single weather condition re- 


sponsible for breakage. The degree of thermal 


shock occurring is dependent on the wind and rain 
conditions prior to breakage, as this will affect the 


glassware rapidity and 
amount of cooling rain that is suddenly blown 
The most 
condition 


temperature, and the 


against critical areas of the glassware. 
severe environmental condition is a 
where there is practically no air movement for a 
period of an hour or more after the luminaires 
have been turned on (this allows the luminaire to 
attain the highest possible operating temperature) 
followed by a hard rain driven against the glass by 


a strong wind. 


Factors Affecting Thermal Shock Breakage 

The thermal shock breakage characteristics are a 
funetion not only of the glassware, but are de- 
pendent also on the luminaire and the lamp type. 
A measure of thermal shock breakage resistance 
for the glassware-luminaire combination is ‘‘Safe 
Operating Wattage.’’ If the luminaire is operated 
at a wattage below this value, then negligible break- 
age (less than one per cent per year) is likely in 
service. Excessive breakage is likely if ope rated 
above this value. 

Safe operating wattage is affected by: 

(1) Operating Temperature, particularly glass- 
ware temperature in critical areas most exposed to 
rainfall. This is affected by lamp type and the 
luminaire thermal characteristics. The presence of 
dirt on the opties can have a very significant effect 
on the temperature by virtue of absorbing radiant 
energy from the lamp. 

2) Thermal Shock Resistance. 


glassware, type of glass, and mechanical clamping 


Geometry of the 


forces will affect this characteristic. 

Mercury lamps cause a greater temperature rise 
in luminaires than do incandescent lamps. In gen- 
eral, it requires 1.8 watts from an incandescent 
lamp to heat glassware on a luminaire to the same 
temperature as one watt from a mercury lamp. 
Safe operating watts vary in the same manner with 
these lamp types. These unequal heating effects 
are due to the radiation spectrum of these lamps. 
Most of the input energy to an incandescent lamp 
is converted to near infrared radiation which is 
transmitted readily by glass and does not contrib- 
ute to heating the luminaire. The inner are tube in 
a mercury lamp operates at a temperature that 
generates a considerable amount of far infrared 
radiation which is not transmitted by the glass. 
This and some ultraviolet radiation are absorbed 
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Figure 5. Effect of fillet radius at roots of prisms on 


a mercury luminaire refractor. Each point represents 


test data on an average of six specimens. 


by the outer lamp envelope and the luminaire glass- 
ware, thus contributing to luminaire heating. 

Some design considerations which influence the 
safe operating wattage are: 

(1) Shield the critical flange area of the glass 
ware as much as possible from rain and from high 
temperatures, as this area is generally less able to 
resist thermal shock stresses. 

(2) The root fillets of external prisms cause 
stress concentrations if the radius at the root is 
extremely small. The effect of various root radii 
on one refractor design is shown in Fig. 5 

(3) High clamping forces between the glassware 
and its holder should be avoided. Allowance should 
be made for the difference in thermal expansion 
between the glass and metai. 

The typical V-band construction is one exception 
where the use of high clamping pressure has gen- 
erally proved satisfactory, although performance 
is often improved by using alternate types of con- 
struction which do not stress the glassware. The 


V-band 
which, ideally, should increase its resistance to 


tends to load the glass in compression 


breakage. In practice, however, the band does not 
bear against the glass uniformly and secondary 
tensile stresses usually develop, causing some net 
reduction in strength. Varying tension in the band 
has little effect on breakage characteristics. 


Test Process 


The classical method for determining the ability 
of glassware to resist thermal stress has been the 
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use of immersion type thermal shock tests. In such 
tests, heated glassware is repeatedly immersed in 
cold water. The temperature differential between 
the initially heated glass and the water is grad- 
ually increased in successive tests until the speci- 
men fractures. The temperature differential which 
causes 50 per cent of the specimens to break is the 
value of thermal shock resistance. 

This type of test cools the surface of the glass 
very rapidly, thus building up high stresses at the 
surface. This causes failure before the internal 
portions have been able to assume a portion of the 
load. As a result, failure is not affected to any 
extent by the geometry of the specimen but is pri- 
marily a function of the glass composition, and the 
surface condition. The effect of sharp prism roots 
noted in Fig. 5 is not observed in this type of test. 

Breakages observed in service do not have the 
characteristics of breakage observed in glassware 
specimens that have been subjected to an immer- 
sion test. Failures in service are characteristic of a 
slower rate of cooling. 

A realistic thermal shock test for testing the 
glassware by itself would be desirable for quality 
control, but would be inadequate for determining 
the safe operating watts for the luminaire. The 
non-uniform heating pattern, the exposure of the 
glassware, and mounting strains, when installed on 
the luminaire, ali affect the thermal strength. 


Spray Test 

A spray type of thermal shock test has been de- 
veloped which gives results that corrclate remark- 
ably well with field experience. In this test, water 
spray traveling in a horizontal direction is sud- 
denly applied to the side of a hot luminaire which 
has been energized for a sufficient time to reach 
full operating temperature. The test is cyclic. The 
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Figure 6. Typical breakage distribution pattern. Spray 


test on 16 glassware specimens. Mercury luminaire. 
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Figure 7. Spray test chamber. 


luminaire is first operated at a low lamp wattage, 


spray is applied, and if the glassware has not 


cracked, the spray is turned off. The cycle is then 
repeated with the luminaire operating at a higher 
lamp wattage. The cycles are continued at pro 


gressively higher steps until breakage occurs. Gen- 


erally six glassware specimens are tested and the 


wattage value at which 50 per cent of the speci- 
mens fail is the test result. An example of the 
typical spread in test results is shown in Fig. 6. 

The test is conducted in a draft free room or 
chamber. The spray rate is maintained at 0.2 inch 
per minute measured in the vertical plane, and the 
water temperature is maintained at the same value 
as the ambient within the chamber. Fig. 7 is an 
illustration of the spray test chamber used 

Prior to testing, the glassware is abraided with 
crocus cloth on all flange surfaces and on any sur- 
faces likely to become scratched or abraided in 
service. This tends to reproduce the effects of some 
service life and also reduces the scatter of test 
results between individual specimens 

While exact service conditions are not dupli- 
cated, the test represents a standardized set of con- 
ditions where the glassware cooling rate is related 
to the service environment. This test has been 
calibrated, by comparing the test wattage value 
with known service performance of a number of 
different types of luminaires (see Fig. 8). Safe 
operating wattage is determined by dividing test 
watts by 1.1. 

This spray test produces breakage patterns simi- 
lar to those observed in service The cooling rate 
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causing the thermal shock in this test is much 
lower than that obtained in an immersion type 
test. As an example, the cooling coefficient of the 
spray, as measured on a heated vertical copper sur- 
face, is .27 watts per square inch-degree Centi- 
grade. The corresponding value observed in water 
is approximately 1.5 and in still air is .026. 

This test has proved to be quite reliable when 
testing luminaire designs where the glassware is 
not subjectd to overly extreme clamping pressure. 
Rigid clamps which apply large forces to the glass- 
ware can produce failures in service that are not 
dependent upon thermal shock effects, although 
thermal shock may often be the trigger. Spray 
testing such luminaire designs does not always 
give reliable results. 


Conclusion 

Breakage of street lighting glassware is quite 
serious. Broken glassware is costly to replace, but 
more important it presents a serious safety hazard. 
The ability to determine the safe operating limita- 
tions should significantly reduce the incidence of 
such breakage due to the thermal shock. Because 
of the extreme strength variability of glass and the 
environmental extremes that can occur, it is un- 
likely that thermal breakage in service can be re- 
duced to zero, although it can be reduced to an 
extremely low rate. 

Luminaire designs in which the safe operating 
wattage is below the value desired can often be 


improved by : 


IN SERVICE, 


PER CENT PER YEAR 


BREAKAGE RATE 


| mam 


~ 8 * a” ea” i 


TEST WATTS FOR 50% BREAKAGE 
RATIO OBERATING WATTS IN SERVICE 


Figure 8. Comparison of service performance with spray 
test results. Each point represents the service record 
of 30 to 300 luminaires. 
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(1) Improving the cooling characteristics of the 
luminaire to reduce the glassware temperature. 

(2) Improving heat distribution pattern on 
glassware so temperature variations are minimized. 

(3) Reducing clamping forces on the glassware. 

(4) Inereasing fillet radii in prism roots and at 
projections, especially on the outer surfaces of the 
glassware. 

(5) Changing to a more heat resistant type of 


glass when necessary. Borosilicate glass has a lower 
modulus of elasticity and coefficient of expansion 
and thus has a thermal shock resistance one and a 
half to two times greater than the commonly used 
lime glass. Lime glass, however, has somewhat 
better molding characteristics. The use of a more 
heat resistant glass is not a cure-all for breakage 
problems. Many of the other design factors have 
a greater influence on breakage. 


Appendix—Specifications for Spray Testing Street Lighting Glassware 


A. Purpose—tThis test is intended to indicate the maxi 


mum lamp size (in watts) that may safely be used in a 


particular luminaire without resulting in an excessive 


amount of glassware breakage in service. 


BR. GeEeNeERAL—This test 
likely to 
rainfall striking the refractor of a lumi 


tends to duplicate those field 


conditions most result in glassware breakage, 


namely, heavy 
naire that has reached a high operating temperature. Al 
though exact field conditions are not duplicated, this test 
represents a standardized set of conditions which are re 
lated to the field environment and produces similar results 
In general, this test will cause breakage at lower wattage 
values than those observed in service. There is a relation 


ship between test watts and safe operating watts in servic 


C. PROCEDURE 
(1) The test involves water spray striking the refractor 
at an angle of 90 degrees with the vertical and at a rate 
of 0.2 inch per minute as measured in the vertical plane 
This test is related to extreme service conditions in which 
heavy rain is sometimes driven almost horizontally 

(2 Test Cycle (a The test consists of the following 
sequence: The luminaire is operated at a specific value of 
lamp wattage, and within a draft-free inclosure for a suffi 
cient period of time to allow the luminaire and glassware to 
attain their maximum operating temperatures. \ water 
spray is applied suddenly and maintained for at least five 
minutes while the lamp is still operating. During this 
period the glassware should be closely observed for the 
occurrence of breakage (Breakage is usually accompanied 
by an audible sound). The lamp is extinguished for a pe 
riod of approximately 15 minutes while the spray is con 
tinued for a cooling period. If no breakage has occurred 
the spray is then stopped, the lamp re-energized and the 
heating and spray cycle repeated at a higher operating 
wattage. These cycles are continued at progressively higher 
wattages until breakage occurs. 

(b) These test cycles are started at a wattage value be 
low the minimum expected breakage and continuously in 
creased in steps until breakage occurs. Typical wattage 


steps are 25 watts for luminaires rated at 200 to 500 watts. 
D. Detar. REQUIREMENTS 


(1) Test Chamber—The 
within 


luminaire must be operated 
a room or chamber totally free from drafts. The 
chamber shown in Fig. A having one opening in the end 
will protect the luminaire from drafts if it is located within 
a room that is moderately draft free. The minimum size of 


the test chamber should be 75 eubie feet. 
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(2) Water Spray a) The spray should consist of indi 
vidual droplets traveling in approximately parallel direc- 
tions and obtained by breaking up a number of small jets 
of water on a screen. The water jets may be obtained from 
nozzles mounted on a horizontal pipe, spaced two to three 
inches apart and alternately directed 15 degrees vertically 
from each other. One or two such pipe and nozzle assem 
blies may be used as necessary to obtain a uniform spray 
pattern. 

b) The 


arate pump at an adjustable constant pressure. 


water pressure should be maintained by a sep 
Typical 
pressures involved are 5 to 15 psi. 

¢) Water temperature should be maintained at the same 


temperature as the ambient within test chamber (*+3C 


d) The spray should be suddenly applied to the hot lu- 


minaire at full foree. This is accomplished by interposing a 
shield between the spray jets and the screen while adjust 
ing water pressure to a predetermined value which will 
result in the correct rate of precipitation. 

e) The rate of precipitation should be periodically meas 
ured directly in front of the refractor and the pressure 
therefore determined which will insure the correct rate This 
rate shall be 0.20.05 inch per minute. 


(f) Coarse adjustments to the spray rate can be made 





LUMINAIRE 


TEST CHAMBER 
5‘x 5’x 3’ 











0.028” DIA. HOLE 





NOZZLE DETAIL 


Figure A. Diagram of test chamber. 
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by varying the number of nozzles and varying the position 
of the luminaire. Sufficient nozzles should be used to pro- 
vide a spray pattern that uniformly covers the entire unit. 

(3) Luminaire a) The luminaire should be positioned 
such that the side of the glassware having the greatest 
tendency to break is positioned towards the spray. This is 
usually the hottest side and is generally determined by the 
location of the main beam 

(b) The luminaire should not be tilted out of its normal 
mounting position as this would change its heating pattern 

(4) Preparation of Glassware a) All surfaces of the 
glassware that may have a tendeney to become seratched or 
ibraided in service, such as flange surfaces and areas con 
tacted by should be abraided with 
testing so that effects of service life 


iré included, ind to reduce the seatter of test 


supporting members, 
emery cloth prior 
results. 
Abrasion should produce a visual dulling or seratching of 


the surface 


The | shou be elenr Anv identification 


marks should be placed where they cannot intercept lamp 
radiation as this ean change the heating characteristics. 

(5) Lamp—(a) The luminaire should preferably be op 
erated with the same type of lamp as used in service. The 
lamp type should be noted (Note: mercury lamps will heat 
luminaires to much higher temperatures than incandescent 
at similar wattages 

(b) For this test, mercury lamps can generally be satis- 
factorily operated through a range of 50 to 200 per cent 
rated wattage. Incandescent lamps should be limited to a 
range of 70 to 125 per cent of their rated watts. 

(6) Miscellaneous—(a) The mechanical strength of glass 
varies considerably, thus resulting in a large spread of 
breakage wattage values. In order to obtain representative 
test results, a large number of samples must be used. In 
general it appears that sample quantities of less than six 
will give only approximate results. 

(b) Test results should be presented as the watts required 


to break 50 per cent of the specimens. 


DISCUSSION 


sound, althoug! specimens is ’ e mini 


mum sample We note witl ipproval the use of abraded 


samples. Undoubtedly the spray method, simulating heavy 
, 


rainfall, is the correet manner it vhich to thermally shock 


tuminaire refractors 


I should like to comment *‘Conclusions’’ 


iuthor’s 
means for obtaining ife operating wattages. 
No question about vement in luminaire 
g characteristies will 


} 


Our own somewhat limited ra est work, as well as 


theoretical considerations, tend to bear out the author’s 


conclusion that even temperature distributio f the refrac 


tor surface nereases therm connection, 
the author’s comment fl t f ‘ the glassware 


shielded as m h tempera 


may be open flange area 
runs ool, it would be i co ) indlueed by ex 
pansion of the heated 
below the flang l 
shielded from rain 
(riassware mount 4 erve " eure Al 3 ition 
wuthor points out on uction is generally 
etory, a metal rings, 
s have ad oval refr or be trouble 
some, especially ivoidance of 
point oading is Live nportance 1 } ‘ rlass is notch 
sensitive and sl 
damage to glassware expansion and 


contraction and due 


In addition, if 


eonsid 


erable upward fore leve ‘ im flange 


ends of in oval downward bending 
forees in the entral zon ‘ j ' ensile stresses 
induced in this manner 

The current trend to ! mae frractor mount 
ings, in which litth ‘ wiing fore exerted on the 
glass, appears to be fav ‘ rom is } f view 


} Increasing fillet direetion 
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The avoidaree of abnormally thick prismatic sections is also 
desirable, especially in a design which may be on the bor- 
derline thermally 

5) The 
shock 


greater than that of lime glass. If the thermal expansion of 


author observes that borosilicate glass has a 


thermal resistance one-and-one-half to two times 


lime is taken as approximately 87 x 10-7 in/in/°C, this 
implies a borosilicate expansion in the region of 43.5 to 58 
on the same seale. Actually, refractors are being made to 
day in borosilicate glass of expansion 32.5, which represents 


, 


a ecaleulated thermal endurance increase of 2.7 times as 
compared to lime. 

While some caution must be exercised in applying ma 
terial properties to the final article, such an increase repre 
sents, in many cases, a real plus to the luminaire designer. 
It reduces the need to increase size, modify light distribu 
tion or limit lamp sizes for thermal reasons, or make other 


changes which may be diffieult and expensive. 


Kurt FRANCK In view of the increased use of mereury 
lamps, it is especially timely that a paper has been written 
on this subject As a major manufacturer of prismatic 
glass refractors for street lighting luminaires, we have 
been involved in several breakage complaints. It might be 
of interest to present the results of our experiences, particu 
larly during the last five years 

Our records show a total of 68 complaints in the past five 
years, some of them serious and some not serious, Ineiden 
tally, all of the complaints were confined to mereury lumi 
naires 


With one or two exceptions, our investigation 


found excessively tight clamping pressures on the refraci 
flange. To the best of our knowledge, we can report that 
these abnormal breakages were all eliminated when the ex 
cessive clamping pressures were corrected. To cite an ex- 
treme example on an installation of 50 luminaires, 31 re 
fractors were reported broken within a few days and it was 
simply a case where the workman evidently thought that all 


bolts and nuts should be made as tight as possible. It 


Holophane Co Ine Newark, Ohio 


ILLUMINATING ENGINEERING 
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Figure B. Minimum refractor strength. Maximum 
operating outside temperature versus minimum outside 


quench test to rim (Franck Discussion). 


should become obvious to the operating companies, there 
fore, that the first thing to look for, when abnormal break 
age occurs, Is excessive clamping pressure on the glassware 
We wish to emphasize that this single factor is by far the 
most prevalent of all breakage causes, 

The next most serious factor was found to be excessive 
dirt. The author has shown data which should help to em 
phasize the importance of proper maintenance. Of course, 
we have always assumed that operators would maintain 
equipment for the sake of obtaining maximum light output. 
However, the inereased temperatures from dirt, which ean 
often be critical, should give further emphasis to the im 
portance of good maintenance. A prominent midwestern 
maintenance company recently reported that on a system 
wide basis involving thousands of luminaires, the annual 
glassware breakage percentage was reduced from six to one 
per cent after regular cleaning schedules were instituted 

Secondary, but often significant factors found in our in 
vestigations were: (1) Chipped and bruised outside surfaces 
caused by mishandling; (2) Inereased glass temperatures 
from higher wattage consumption of mercury lamps being 
operated beyond rated life. 

Wherever reliable records have been kept on glassware 
breakage of the pressed prismatic designs, the annual re 
placement from all causes has been less than two per cent. 
Consequently, over the years, we have looked upon the two 
per cent annual replacement figure as a norm. 

The testing procedure developed by the author uses a 
complete luminaire evaluation to obtain the ‘‘safe operating 
wattage’’ value. Our final approach to the testing of re 
fractors is somewhat different. Immersion testing, as men 
tioned, has been long used in glassware strength testing. 
The most common type of test involves heating the entire 


glassware in hot water, then moving to total immersion in 
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a cold water tank for the thermal shock. The difference in 
water temperatures is an index measure of the glassware 
strength at the time of breakage. However, the complete 
immersion test showed that almost all refractors break from 
the inside, which was contrary to field breakage analysis. 

Cooling spray tests were tried and showed laboratory 
testing breakage similar to field breakage. However, a con 
tinuation of spray tests showed that it was difficult to 
always maintain a uniform refractor coverage. Therefore, 
we developed a different method which could be easily du 
plicated with consistent results. The outside quench test 
was found to be our best laboratory solution to refractor 
testing. This test uses hot and cold water tanks, as does the 
standard immersion test, but in giving the thermal shock 
treatment, only the outside surface is cooled to the rim 

the entire area that could be hit by rain Here, as in the 
full immersion test, the difference in water temperatures is 
in index of glassware strength at the time of breakage. 

It was through the spray testing and, later, the outside 
quench testing that we were able to evaluate many outside 
glass surface problems, Only the outside refractor surface 
was found to be critical. This method of testing has been 
most useful in evaluating designs of the refractors as to 
prism roots, shape, and variations in glass thickness. 

The correlation between our laboratory outside immersion 
quench tests and field operating conditions is shown in Fig. 
B. This curve shows the minimum quench test temperature 
differential a refractor must withstand to avoid breakage 
from thermal shock in the field. This is plotted against the 
maximum outside operating temperature of the glass sur 
face. For example, a refractor with 100C or less maximum 
outside glass temperature will give satisfactory field service 
if it withstands a 45C quench test differential. 

Although this test is quite useful in glassware design eval 
uation and manufacturing quality control, we recognize, 
and wish to emphasize, that it will not enable direct lumi 
naire evaluation, as brought out in this paper. There ap 


pears to be a need for both types of testing 


\. M. BJonrTeGarD:* atural outgrowth of this paper 
might weil be an industry standard on methods of testing 
for thermal shock resistance of glassware. 

The factors listed as contributing to thermal breakage 
are consistent with our findings. The weighting of these 
factors may vary, depending upon the test method selected. 


The effect of dirt accumulation on glassware can be a 


very significant factor. Measurements made indicate that 


the glassware temperature may increase 10C or more due to 
dirt. This not only makes the glassware more susceptible 
to breakage, but also reduces light output substantially. 

I would like to have the author’s comments on the data 
in Fig. 6. While the wattage rating of the lamp is not given, 
the percentage of specimens broken appears to be high. Has 
t comparable curve been made with samples which have not 


heen abraded prior to the test It would be desirable to 
isolate the effects of abrasion, whether deliberate or in 
service. It is recognized that glass is very notch sensitive 
and that surface breaking, through careless handling, sharp 
ly reduces resistance to thermal shock and may promote 
breakage due to normal expansion and contraction. 

In Fig. 8, the origin of the ratio of 1.1 (safe operating 
wattage to test wattage) is not fully apparent. Does this 
ratio compensate for dirt accumulation on components, such 


as glassware, which is encountered in service? Service wat 


*General Electric Co., Hendersonville, N. ( 
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tage of mercury lamps, for instance, may vary from rated 
wattage due to several factors. Among these are increases 
in wattage during life, lamp position, individual lamp varia 
tions (particularly when operated on regular ballasts) and 
the effect on wattage of the supply voltage or current 
when operated from non-regulator ballasts. The result of 
these elements is that service wattage is not well defined. 
For this reason, it is suggested that test wattage be related 
to rated wattage with a suitable factor which will compen 


sate for service conditions 


to my statement that 


H. A. Vai 


the flanwe area should be shielded from rain and high tem 


Dusen Jr.:* In referenes 


peratures, Mr. Crosby questions the assertion that the flange 
irea should be allowed to operate when it is cool. My state 
ment was intended as a generalization and there are, ad 
mittedly, exceptions. As a general rule, the dynamic stress 
due to sudden chilling caused by rai more severe than 
the static thermal stresses existing glassware during 
operation. The flange area is shielded from 


the chilling effects of rain, and even it is not direetly 


osed to rain, such chilling may indirectly due to 
thermal conduction through the n il luminaire housing 
which may be in direet contact with the glass at this area 
In such cases, there would be less tendency for a break to 
start in this critical flange area if operating temperature 
were somewhat lower than tha , of the glassware 
more able to withstand the higher stress The temperature 
differences should never be allowed to be of any great mag 
nitude, however. If this flange area is very well shielded 
from the chilling effects of rain, it might be preferable for 
it to operate at as high a temperature as adjacent exposed 
areas of the glassware. 

In reference to the increase in thermal shock resistance 
of borosilicate vs lime glass, I agree that increases of more 
than two to one are possible. We have found increases in 
thermal shock strength as high as 2.15 with some types of 
borosilicate glassware available on the market 


Mr. Franck 


ware breakage in his investigations, the luminaires involved 


commented that in most of the cases of glass 


were operated with mercury lamps. We have observed a con 
siderable amount of breakage in service on incandescent as 


well as mereury luminaires, 


although m« reury has repre 
sented the majority. 

The presence of dirt on the optics can cause a large in 
crease in temperature rise of the glassware. Unfortunately, 
I did not delve very deeply into this subject in the paper 


The following is the result of ‘ aluating this effect. 


Light Output, 
Per Cent of Clean 


Luminaire 


Per Cent Increase in Temperature Rise 
Incandescent Mercury 


’ 2 6 


rise on itm 


naire gl which was l rogre ely more opaque 


by spray with bl 
The quen eet described 
improvement over the if immersion 


testing. His curve relating qué , t dat Oo maximum 


outside refractor temperatures yu ’ iseful design 
I would strongly recom id that this data not be 
, 


determination of sa operating watts, how 


the many factors 
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influencing breakage. A comparison of this curve with tem 
perature data on several luminaires operated at their safe 
operating wattage shows variations in maximum outside 
refractor temperature in excess of plus or minus 20C from 
the values shown on the curve. 

Mr. Bjontegard requested comments on Fig. 6. This curve 
is a summary of results of a spray test on 16 specimens of 
one luminaire design. A 400-watt mercury lamp was used, 
and in each specimen the wattage was deliberately increased 
progressively until breakage occurred. Reference to the 
eurve shows that 425 watts input to the lamp caused 50 per 
cent of the specimens to break. Safe operating wattage for 
this luminaire is then determined by dividing this test result 
by 1.1 


naire was intended for operation with a 400-watt mercury 


This yields a value of 386. Inasmuch as this lumi 


lamp, the design was subsequently modified to increase its 
safe operating wattage to more than 400. 

Mr. Bijontegard also inquired about the origin of the 
ratio of 1.1 used for determining safe operating wattage 
from spray test results. By referring to Fig. 8, it can be 
seen that a ratio of somewhat more than 1.0 is necessary if 
a high breakage rate in service is to be avoided, while a 
ratio of 1.07 was satisfactory in at least one case. This was 
arbitrarily increased to 1.1 to inelude a slight safety factor 

Safe operating watts determined by the above process 
actually represent the maximum lamp size that may be used 
safely. Effects of normal deviation from: rated wattage and 
heating effects due to lamp variations, line voltage varia 
tions, and dirt accumulation are compensated for since these 
data are based on actual service performance of typical! 
street lighting installations. 

We have conducted a number of tests on non-abraded 
specimens and find some designs where the difference in per- 
formance between abraded and non-abraded specimens 
varies slightly, while with others the effect is very pro 
nounced. Fig. C is a curve similar to Fig. 8 but based on 
non-abraded test specimens. It would be possible to evaluate 
safe operating wattage values of luminaire designs based 
on tests of non-abraded specimens ; however, a ratio of 1.5 
or 1.6 between test and operating watts should be used. The 
determination of the safe rating would be less precise due to 
the greater seatter in the comparison between test results 
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Mercury Ballast as an Integral Part 


Of the Street Lighting Luminaire 


By R. W. HAGCSTROM 


Selecting the proper integral-mounted ballast for the mercury street 
lighting luminaire need not be difficult if ballasting circuits and 
lamp characteristics are fully understood. This paper covers a com- 
plete description of the ballast design and application problems. 


Nor SINCE 1934 when the first practical 
application of mercury lamps to street lighting 
was made has there been more interest than now, 
in lighting our streets and highways. This interest 
in street lighting grew steadily through the 1950’s; 
one factor was the development of the highly effi- 
cient 400-watt EH1 type lamp that could be oper- 
ated without a magnet in the horizontal position. 
During this same period the constant-wattage bal- 
last was introduced and through improved cir- 
cuitry and performance achieved wide acceptance 
in the late ’50’s, further stimulating mercury street 
lighting. 

The introduction of the oxide electrode H33 type 
lamp in 1958 with its lower starting voltage and 
improved lumen maintenance further increased the 
interest in mercury lighting. The latest develop- 
ment, incorporation of the ballast within the lu- 
minaire, now provides the components for still 
wider application of mercury street lighting. 

Inclusion of the ballast within the luminaire sim- 
plified the installation for the application engineer 
but introduced new problems for the ballast engi- 
neers and luminaire designers. In the past the bal- 
ast was designed to industry standards as a com- 
plete separate component, for direct application 
in the street lighting installation. The luminaire 
manufacturer had little concern with the ballast. 
The lighting engineer had a perplexing problem 
in choosing components for the lighting installation 
from a wide variety of both ballasts and luminaires. 
These had to be chosen so that the installation and 
operating costs were reasonable, and in addition 
provision had to be made for maintenance and 
suitable lighting performance. 

The integral luminaire with its self-contained 
ballast simplifies installation problems associated 
with the remotely mounted ballast. These problems 
are now resolved by the joint engineering effort of 
A paper presented at the National Technical Conference of the 


Illuminating Engineering Society, September 11-16, 1960, Pittsburgh, 
Pa. AuTHor: Jefferson Electric Co., Bellwood, Il! 
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the luminaire and ballast engineer, from the con- 
ception of the luminaire design to the complete 
luminaire with built-in ballast. 

This paper is not intended to serve as a design 
manual; rather it will discuss the problems in- 
volved in placing the ballast in the luminaire. The 
factors to be discussed will touch upon the me- 
chanical, electrical and thermal problems. The 
ballast circuitry and performance data provided 
will help the lighting engineer select the right 
ballast for the job. 

An integral luminaire contains the light source, 
light control and all of the ballasting equipment in 
ene enclosure. This highly developed package is 
made so that it can be installed simply by clamping 
to the support arm and connecting the line leads 
to a terminal board. 

Fig. 1 illustrates one type of integral luminaire 
where the refractor assembly may be swung down 
to gain access to lamp, ballast and line leads. Other 
types of units have separate access covers for each 
major component but all provide easy accessibility 
to lamp, socket and ballasting components. 

Fig. 2 is a close up of the luminaire with the 

Note that the ballast 
components are located between the reflector and 


refractor assembly down. 


the support arm so that the weight of the ballast is 
as close to the support arm as possible. 

The ballast location in the same enclosure as the 
lamp produces an environmental thermal situation 


Figure 1. Typical integral luminaire containing ballast 


components. 
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Figure 2. Refractor assembly swung down to gain access 


to lamp ballast and terminal assembly. 


that is not encountered when the ballast is re- 


motely mounted. Here the ballast insulating ma- 


terials must be carefully selected for long ballast 
life under temperature conditions higher than pre 


viously encountered. 


Ballast Insulating Systems 


Basically, the users of electrical equipment are 
concerned only with the end performance, not with 
the means to reach this end. When components 
are brought together in a given luminaire, a vital 
responsibility exists between the ballast and fixture 
manufacturers. Ballasts for street lighting service 
must give long, trouble free, economical service; 
therefore special precautions are necessary in the 
selection of insulating materials to meet the re- 
quirements of the luminaire 

To determine the group or class of materials three 
major factors must be considered: first, the me- 
chanical, thermal, chemical and electrical proper 
ties of the material; second, the processing condi- 


tions: and third, economics. These studies have to 


date favored Class F insulations for integral bal 
last core and coils. The size of a mercury ballast 
core and coil is dictated mainly by the maximum 
practical operating levels of flux density in the 
magnetic cores and by the current density in the 
copper wire. The small size and weight required 
ean be acomplished only by designing to a higher 
materials’ 


This tem- 


temperature insulation level. Class F 
are those capable of operation at 155C 
perature limitation affords the best compromise be- 
luminaire size. and 


tween ballast 


total cost 


performance 


This class of material provides a small 


160 Vercury Ballast as Part of Street Luminaire—Haggstrom 


light weight unit with excellent physical stability, 
good resistance to temperature and corrosive at- 
mospheres with excellent dielectric qualities. 


Capacitors 
Ballasts can be designed for high ambient tem- 
peratures insofar as the core and coil is concerned 
Class H) but capacitors for power factor correc- 
become 


tion and ballasting 


Capacitors 


inductive-capacitive 
critical at these higher temperatures. 
presently available are limited to a maximum hot 
spot case temperature of 85C. For this reason 
special care must be used in their location and 
mounting to ensure that they will operate within 
this temperature limitation. The life of the dielec- 
tric in a capacitor is comparable to that found in 
transformeres if this temperature limitation is not 
exceeded. The temperature rise in a capacitor for 
these applications is high not because of its own die- 
lectric losses, but because of its operation in a high 
ambient. The higher the ambient temperature, the 
quicker the dielectric reserve of insulation is ex- 
hausted. For long useful life the capacitor must 
be kept cool. 


Ballast and Luminaire Considerations 


The maximum ultimate temperature reached by 
the core and coil in the luminaire is due mainly to 
the heat generated by the lamp and transferred to 
the ballast coils by radiation, convection and con- 
duction. The energy losses in the core and coil con- 
tribute only a small part to the total temperature. 

To neutralize this thermal condition in lumi- 
naires, special precautions are necessary in posi- 
tioning and mounting ballast components. A few 
of the important items are as follows: 


(1 Intimate contact with cool portion of shell. 


Heat shields blocking radiant heat of lamp 


3) Loeation as remote as practical from lamp. 


(4) Heat conductors between the components and shell. 


Location not to be above lamp. 


This evaluation of material and knowledge of 
heat transfer techniques have produced balanced 
insulating systems in the luminaires without sacri- 


fice in operating efficiency. 
Reactors 


The reactor is the simplest, least expensive form 
of ballasting. Recent lamp design refinements* * 
have lowered the starting voltage requirements of a 
new type mercury lamp to a point that, now, reac- 
tors using 240 and higher line voltages for starting 
will give satisfactory outdoor service. The series 
reactor is small, light-weight and exhibits low losses, 
for these reasons it lends itself to use in the inte- 
gral luminaire. The use of reactors, however, is 
linked directly to the power distribution system 
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TABLE I — Minimum Starting Temperatures for Mer- 
cury Lamps with Reactor Type Ballasting. 


Rated Line Voltage 
277 Volts 
20 F 


9 
- 20 


240 Voits 480 Volts 
H4 + 12 F 
H22 10 

H5 Zero - 
Hl + 20 10 
H33 
H17 
H18 
H35 
H1i5 
H36 


Lamp Type 


100-Watt 
175-Watt 
250-Watt 
400-Watt 
400-Watt 
425-Watt 
700-Watt 
Watt 
Watt 
Watt 


20 
20 20 


700 
1000 
1000 


since this circuit voltage must be equal to or greater 
than the required open cireuit voltage necessary 
for lamp starting and temperature involved. Since 
be 

20F operation, the selection is somewhat limited. 
In Table I note that lamps rated 100 through 400 
watts are suitable for use on 240- and 277-volt cir- 
cuits, and the 425-, 700- and 1000-watt lamps are 
Note that the 
for 


street lighting equipment must suitable for 


suitable for use on 480-volt circuits. 
minimum starting temperature is indicated 
These values allow for some line 


All of 


these values are based on currently available lamps 


each line voltage. 
drop and still give dependable starting. 
and data from lamp manufacturers. In the near 
future, additional lamps with the improved oxide 
H33 type electrodes will be introduced. This will 
make possible —20F starting on 240 volts for lamps 
other than the present 400-watt H33. 

Series reactors do have one serious disadvantage 
in that they respond to line voltage fluctuations 
and deliver low lamp watts when the line is low 
and high lamp watts when the line is high. For this 
reason, their use is limited to well regulated lines 
Here a + 5 per cent variation in line voltage will 
result in approximately 10 per cent variation in 
rated delivered lamp watts. Because of this, cau- 
tion must be exercised in luminaire design to avoid 
the possibility of overheated lamps in luminaires 
providing insufficient heat dissipation when the 
line voltage is high. 

The electrical circuit for reactors is as shown in 
Fig. 3a. 
inductance causing an operating power factor of 
A eapacitor 


The reactor contains a large amount of 
approximately 50 per cent lagging. 
connected across the line as shown will correct the 
operating power factor to a minimum of 90 per cent 
lagging. Low power factor reactors (without capac- 
itors) are less expensive and have the same lamp 
performance. These are suitable only where 50 per 
cent line power factor is permitted by local utilities 

Lamp current crest factors are excellent in series 
reactors as a result of the action of the air gap in 
the magnetic path. This impedance regulating air 
gap controls the inductance so that it remains al- 


MARCH 1961 


~ 


Mercury Ballast as Part of Street Luminaire 


CREST FACT 











ee 


LINE = 


Capacitor for 
Power Factor Correction 





— 





A REACTOR 














B CONSTANT WATTAGE 
Figure 3. Schematic diagrams for typical ballasts used 
in integral luminaires. 


most constant with changes in flux density, thus 
reflecting a very low harmonic distortion into the 
current. As shown in Fig. 4, typical reactors have 
an almost constant lamp current crest factor over 
the ranges of operating line voltage and lamp ure 


voltage. 


High Reactance Ballasts 
High 


generally considered by fixture manufacturers for 


reactance and auto-lag ballasts are not 


integral luminaires nor are they covered by this 
paper. These ballasts provide their secondary open 
circuit voltage by an auto-transformer winding 


which can be tapped for standard line voltages. 


ne 4 


| 
CREST FACTOR 


i 
+ 


Figure 4. Comparison of crest factors for some typical 
reactors and constant-wattage ballasts operating lamps 
horizontally. 
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TABLE II —Line Current Characteristics of Reactors 
During Lamp Starting, Lamp Operating and Open Cir- 
enit Conditions. [Figures are neither minimum nor 
maximum but represent nominal values for high power 
factor types. 


Rated Line Current in Amperes 
Line Oper- Open 
Voltage Lamp Type Starting ating  Circuit* 


100-Watt Ha 0.6 0.50 0.625 
240-Volt 175-Watt H22 ; 7 0.9 

250-Watt H5 } § 1 

400-Watt Hi, H33 ; ) ‘ 
450-Volt 700-Watt H18, H35 

1000-Watt H15, H36 


3 
15 


*Following a lamp failure or interruption 


The net result is a ballast about the size of a con- 
stant wattage unit but without its benefits. 


Constant Wattage Ballasts 


Constant wattage ballasts are noted for control- 
ling lamp watts to within two per cent despite line 
voltage fluctuations as high as 13 per cent. Besides 
known have many other 


this well feature, they 


corollary features such as: 


1. No need for primary taps for line voltage variation or 
line regulation. 
No line inrush current. 
Low line starting current. 
Low line-extinguishing voltage 
Line current reduction with lamp ‘‘short’’ or ‘‘open’’ 
condition. 

6. Insensitivity to harmonics. 


Isolated lamp circuits 

8. Always high power factor 

Fig. 3b shows a typical circuit where lamp or sec- 
ondary winding is electrically and physically sep- 
arated from the primary winding. In this circuit 
the line voltage can never reach the lamp under 
any burn-out or dielectric failure, thereby averting 
lamp destruction. 

The primary windings may be connected in series 
or in parallel allowing dual voltage range for a 
single ballast design This reduces the need for 
stocking ballasts for each line rating. 

The constant wattage ballast, because of its iso- 
lated 
grounding 


circuitry, permits various schemes for 


windings. The lamp cireuit can be 
grounded with or without grounding the primary. 

During the starting period, using conventional 
ballast, the lamp usually rectifies the starting cur 
rent for approximately 120 cycles. This rectifica- 
tion in turn will produce several bursts of high 
line inrush currents each lasting approximately six 
The peak current during this period may 
514 to 11% 


depending on ballast design 


cycles 
rise from times the rated line current 
In a constant wattage 
ballast the capacitor is in series with the lamp; 
therefore the direct current component produced 
by this rectification is blocked and cannot circulate 


162 Vercury Ballast as Part of Street Luminaire 








Figure 5. Comparison of horizontal lamp wattage regu- 
lation for typical reactors and constant-wattage ballasts. 


through the ballast windings to saturate the core 
and cause high line inrush currents. 

Fig. 5 compares the regulation of the constant 
The lamp 
watts regulation changes more for variaton in lamp 
are voltage in the constant-wattage type than in 
the reactor type. However, taking into account 
both watts regulation and are volts variation, the 
constant-wattage type is much better. In fact, the 
line voltage for reactors, for comparable lamp per- 


watiage ballast to that of the reactor. 


formance, would have to be within —.6 per cent to 
+-1.6 per cent. 

Comparative values of line volt-ampere charac- 
teristics of constant-wattage ballasts are shown in 
Table ITI. 


occurs during normal lamp operation. This means 
that the switching device can be rated for normal 


Note that the greatest load on the line 


lamp operation. No derating is necessary. 


Line Current Characteristics 
In designing lighting installations, consideration 
must be given to determine the proper power facili- 


TABLE Ill—Line Volt-Ampere* Characteristics of Con- 
stant-Wattage Ballasts During Lamp Starting, Lamp 
Operating and Open Circuit Conditions. Figures are 
neither minimum nor maximum but represent nominal 
values. 


Open 
Circuit** 
Volt- 
Amperes 


Starting Operating 
Volt- Volt- 
Lamp Type Amperes Amperes 
100-Watt Ha 85 f 
175-Watt H22 71 i 1% 
250-Watt H5 92 4 1 
400-Watt Hi, H33 107 5 320 
700-Watt H18, H35 115 290 
1000-Watt H15, H36é 360 100 


*To determine line current, divide volt-amperes by line voltage 
**Following a lamp failure or interruption. 
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ties, such as feeder conductor size and circuit 
breaker capacity. The starting, operating and open 
circuit characteristics of the ballast type will de- 
termine these values. In general, the constant- 
wattage ballast has its highest line current during 
normal lamp operation. For this reason it is to be 
preferred to reactors, where the highest line cur- 
rent exceeds the operating values, meaning addi- 
tional copper costs for the installation. The reac- 
tors have their maximum line current under some 
other condition, depending on ballast design. In 
Table II and Table III the line current for each of 
the operating conditions is shown. These values 
must be observed in order that specified breakers 
or fuses will be adequate for the highest line cur- 
rent encountered. 


Crest Factor 


An earlier paper® discussed thoroughly the 
method of measuring current crest factor and its 
effect on lumen maintenance. Crest factors above 
a certain value cause a decrease in lumen mainte- 
nance and a corresponding increase in cost-of-light. 
Published data show no decrease in lumen mainte- 
nance for crest factors of 1.7 and below on hori- 
zontal burning lamps. A crest factor of 1.85 will 
drop the per cent mean lumens approximately 21, 
percent. A crest factor of 2.0 will drop the per 
cent mean lumens down 10 per cent. Therefore, the 
knee of the curve is approximately 1.85 for the 
maximum economical crest factor. Any ballast-lamp 
operation at greater than 1.85 crest factor repre- 
sents greater cost-of-light by either earlier lamp 
replacement or less light on the street. 

The above crest factor analysis was made on 
horizontal burning 400-watt Hl-type lamps. The 
400-watt 


nomic life rating. could possibly allow operation 


H33-type lamp, with its inereased eco- 


of higher crest factor ballasts without loss in per 
cent mean lumens 
facturers established the effect of crest factor on 


However, until the lamp manu- 


per cent mean lumens for H33 lamps, the ballast 
should be designed for the lowest possible cost-of- 
light. To accomplish this, the crest factor should 
not exceed 1.85 for the Hl or H33 lamps even 
when the lowest are voltage lamp and the highest 
line voltage are applied to the ballast. 

Fig. 4 is a graph of crest factor vs. line voltage. 
Plots for various lamp are voltages on a typical 
constant-wattage and reactor ballast are shown. 
Note that the reactor has a much lower crest fac- 
tor. The cost-of-light is inversely proportional 
to the mean lumens and since mean lumens are not 
appreciably affected when the crest factor is below 
1.85, there is no difference in cost-of-light for either 
type. Ballasts having higher crest factors could be 
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less costly but the resultant reduction in cost would 
not offset the rise in total cost-of-light, since the 
ballast cost is only a small part of the total lighting 


installation. 


Ballast Application 


A discussion of the integrated luminaire design 
would not be complete without touching on a few 
of the principles of ballast application. The pre- 
vious discussions on reactors and constant-wattage 
ballasts covering their particular characteristics 
will assist in determining their use on any lighting 
system. The choice of a reactor is determined 
either by the voltage available on an existing cir- 
cuit, or by planning and designing into a new sys- 
tem the regulation and line voltage variation com- 
patible with reactors. 

In new installations which are limited to mer- 
eury lighting, the line regulating feature of the 
constant-wattage ballast must not be overlooked, 
since substantial saving in copper can be realized. 
Here, in the case of a 100 to 130 line voltage range 
ballast, the power line can be adjusted to 125 volts 

5 volts to operate the first ballast on the line. 
The application engineer can then specify the 
feeder wire size, and number of ballasts to be con- 
nected until the last ballast will operate at a nomi- 
nal of 105 volts. This will retain a —5 volts for 
line variation. The 20-volt difference between the 
input voltage of 125 and the last ballast voltage of 
105 can be utilized as line drop. The regulating 
feature of constant-wattage ballasts therefore per- 
mits the use of minimum wire sizes, maximum dis- 
tance between lamps and maximum number of 
lamps. This concept of application can be utilized 
when ballasts specified indicate a primary voltage 
range. Ballasts of this type normally have their 
range stated on the nameplate or are guaranteed 
by the manufacturer to provide the minimum open 
circuit voltage and to operate lamps satisfactorily 
within this range. 

In the case of reactors, lower than rated line volt- 
age could mean delayed starting or inability to 
start at all, depending on the ambient temperature 
and type lamp being used. 

In the near future, additional lamps similar to 
the improved oxide electrode H33 type lamps will 
be introduced. The new lamps for the 250-watt H5, 
175-watt H22 and 100-watt H4 will, in all proba- 
bility, have lower starting voltages than the pres- 
20F starting on 240- 
volt circuits and increase the versatility of the sim- 


ent types. This will provide 


ple reactor type ballast. 


Conclusions 
The integral street lighting luminaire makes pos- 
sible simple-to-install lighting systems using mer- 
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eury lamps from 100-watt through 1000-watt. The 
reactor will provide a low cost lighting installation 
with excellent performance providing certain limi 


tations are met. The constant-wattage ballast, with 


its many plus features, provides the application 


engineer with a ballasting means unparalleled by 


any other. The trend toward packaged light 


through the use of integral luminaires will lead to 


improved lighting on our streets and highways. 
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DISCUSSION 


J. A. MAacCRACKEN:* The last sentence in the ‘‘Conelu 
sions’’ should be underlined for emphasis. Truly the trend 
toward packaged or unitized luminaires will lead to a new 
day wr night) in street lighting. It is the outdoor version 
of the popular ‘‘pin-up’’ lamp 

This paper fills a very real need in the industry by trans 
lating the mysteries of the vapor lamp-ballast combination 
into everyday language. However, it is disappointing that 
the author stopped somewhat short of a full discussion of 
the cost-of-light relationships which he hinted at. For ex 
ample, he suggests that small wire can be used in the supply 
conductors by taking advantage of the built-in regulation 


} 


of the constant voltage ballast. But, at what price? Voltage 


drop means (at 100 pf particularly) watts loss, and watt 
losses cost money, even within the utility company itself. 
In fact, it may be economical (and indeed it often is) to 
use larger wire to save watts loss. Only a quantitative 
determination of the over-all factors involved will permit 
an accurate determination of the proper economic choice. 
No mention is made of the fact that a constant-voltage 
ballast will, depending upon design, have several times the 
f an equivalent reactor ballast—and again these 


losses oO 


losses cost money Where street lighting is on peak as in 


North 


demand, and even when off-peak use up kilowatt hours 


most of the these losses add directly to system 

It should be noted that in general since the advent of tele 
Vision, voltage regulation on secondary supply wires has 
received a great deal of attention from distribution engi 


neers. Experience with a fairly large number of reactor 
ballasts in New England has shown no trouble whatever 
which could be attributed to fluetuation of secondary volt 
age. While the evidence is entirely negative it tends, on prac 
tical grounds, to discount the need for such extremely close 


regulation with the,.merecury lamp as the constant-voltage 
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ballast is designed to provide. It would therefore seem that 
the choice of ballast should rest upon the over-all factors 
affecting the ultimate cost of light and not only upon the 
parameters of the ballast. 
W. M. WaLppaver:* In general, I would agree with the 
considerations involved in the selection of insulating sys 
tems. The choice of Class F may be applicable when deal 
ing with a single luminaire-ballast combination. It should 
be noted, however, that most luminaire designs are incorpo 
rating more than one wattage class of equipment. At pres 
ent, it is common practice for a particular outer enclosure 
to incorporate cominations ranging from 175 to 400 watts. 
Some designs have traversed the range from 175 to 1000 
watts in substantially the same enclosure. Under these con 
ditions, insulation systems ranging from Class A to Class H 
may be appropriate 

The author has dealt briefly with the interrelationships 
of ballast, lamp, and optical system with particular empha 
sis on heat transfer characteristics, ballast losses and watt 
age control. Herein lies the major design problem associated 
with ‘‘internal ballast luminaires’’ which emphasizes the de 
sirability of single design responsibility over all components. 

The data in Fig. 5 of the paper are substantially in agree 
ment with those presented earlier on the H-33 lamp.' How 
ever, it is felt that the term ‘‘ constant wattage’’ is a mis 
nomer. A device whose output wattage ranged from 98 to 
106 per cent would more correctly be reeognized as a regu 
lated output device 

From an application standpoint, the ‘‘ regulated output’’ 
design, due to the features mentioned by the author, is 
becoming very popular. It is especially applicable to old 
distribution systems where overloaded equipment and con 
ductors result in poor regulation and/or where the voltage 
at the utilization point is unknown. The study of distribu 
tion system regulation could thus be minimized. On new 
systems, the author has proposed the use of ‘‘ regulated out 
put’’ ballasts together with reduction in conductor sizes to 
take full advantage of allowable line voltage range. Here 
the use of a more expensive ballast plus additional line 
losses plus additional ballast losses must be compared to 
the use of a simpler, less expensive ballast, and an adequate 
distribution system. If copper costs are the major consider 
ation, then surely the use of internal ballasts of the series 
ILH type must also be considered. 

While the 
the application engineer’s approach to system design, the 


’? 


‘*internal ballast luminaire has simplified 
choice of ballast type still rests on the economies of the 
particular problem at hand 


1. Fraser, H. D., Unglert, M. ¢ Waldbauer, W. M. and Walick 
J. A How Operating Position and Circuit Variations Affect 
Mercury Lamp Characteristics ILLUMINATING ENGINEERING, Vo! 
LVI, No. 3—Section II, p. 215 (March, 1961) 


D. A. Toenses:** The author has presented a useful guide 
to selection of ballasts for mereury lamp luminaires of the 
integral ballast type. More than its title would lead us to 
expect, a major part of the paper is devoted to the choice 
of various characteristics of the ballast, other than its physi 
eal coordination with the luminaire. I would weleome some 
further discussion of comparative costs and savings that de 
pend upon the choice of ballast location. Would the author 
eare to offer some estimate as to the saving in installation 
and maintenance costs (expressed either in dollars or man 


hours) to be gained by use of an integral ballast design in 
the luminaire hood, as compared with separate installation 


at the top or base of the poles? 


Westinghouse Electric Corp., Cleveland, Ohio 
General Electric Co., Nela Park, Cleveland, Ohio 
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In the section on ‘‘Reactors’’ the possible use of low 
power-factor reactors without capacitors is mentioned. 
Would there be another possibility, namely, the use of low- 
pf reactors and a combined pf correction at the distribu- 
tion transformer’? As compared with the high-pf system, 
this would lead to more line losses or require larger con 
ductor size in the secondary system, but would permit the 
use of fewer capacitors of larger size, located away from 
the luminaires. Would this offer any cost saving? If it 
appears impractical due to combined use of the multiple 
circuits for purposes other than street lighting, could such 
eapacitors be switched into the cireuit by the same photo 
electric control that turns on one of the luminaires? 

No mention is made of series circuits for street lighting 
with mercury lamps. Does the author predict that it will 
always be necessary to use externally-mounted ballasts with 
series circuits, because of limits on insulation and spacing 
imposed by the higher voltages? In Figs. 4 and 5, the curves 
are broadened by variations in lamp voltage. Does the 
range from ‘‘high’’ to ‘‘low’’ on the figures represent a 
range of lamp operating voltage from 120 to 150 volts for 
the 400-watt lamps, for example? This same question might 
be stated in another way: What percentage of total avail 
able lamp product is represented by the variations shown? 

In Tables II and III, the lower starting current is shown 
While 


this has the advantages mentioned in circuit loading, it also 


as applying to the constant-wattage ballast design 


tends to require a longer warm-up time for the lamps when 
even when the lamp and circuit 
Would this not 


they are first turned on 
characteristics lie within acceptable limits 
lead us to expect that a perhaps hypothetical ballast design, 
in which the starting volt-amperes were equal to the oper- 
ating volt-amperes, would be the most desirable compromise 
between cireuit loading and warm-up characteristics? 

In the section on ‘‘ Ballast Application’’ the author sug- 
gests that selection of feeder wire size be based upon dis 
tances and number of luminaires to be installed, to permit 
the minimum wire size that will still operate the circuit 
within an acceptable line-voltage variation. Does this appear 
to be, generally, the most economical choice’? It offers some 
saving in conductor costs, but also leads to higher line loss 
than if larger conductor size were used. 

It is encouraging to see the author’s attention to lamp 
current erest factor and its effect on lamp performance. 
Since the preparation of the paper, we have completed tests 
on the effect of lamp current crest factor upon performance 
of the new oxide-electrode lamps. The results of these tests 
showed that lumen maintenance of oxide-electrode mereury 
lamps is less affected by higher current crest factors. There 
fore, we have recommended to the ASA Mercury Lamp Sub- 
committee that a current crest factor limit of 2.0 (with 
center voltage lamps measured in the vertical position) be 
established for the oxide-electrode mereury lamps 
A. D. Harrineton:* This paper presents a rather compre- 
hensive discussion of various types of ballasts and their 
applications. However, it does not delve deeply in the spe 
cifie problem of integral mounting within the luminaire. 

We question the allowable case temperature of 85C for 
the capacitors. A limit of 75C is a more conservative tem 
perature for a satisfactory life expectancy. 

We also question the range of lamp watts shown in Fig. 
5 for the constant-wattage ballast. Do these data cover the 
full range of lamp voltage variation of 120 to 150 volts? 

Regarding the author’s comment on ‘‘ Line Current Con- 


siderations,’’ we question whether a utility would actually 


increase system copper costs to allow for short term excess 


*General Electric Co.. Hendersonviu.e, N. C 
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starting or open circuit primary currents. This would not 
be a realistic consideration. On the other hand, fusing and 
breaker allowances are a more significant problem. Further- 
more, the staggered starts obtained with the popular unit 
type photoelectric control system would minimize the cumu 
lative effect of line drop affecting starting. 

R. W. Haeestrom:* The discussers have raised several in 
teresting points relating to cost-of-light and ballast choice. 
A eost study on this subject and also on the comparison of 
installations using integral luminaires compared to remotely- 
mounted ballasts, would be of considerable interest to appli 
eation engineers. This topic alone has sufficient depth in 
subject matter to offer an engineer an opportunity to study 
the possibilities and report in a paper 

Mr. MacCracken’s comments indicate the experience he 
has had using reactors. I certainly agree with him that the 
reactor ballast has many features which make it desirable 
as a lighting tool from a cost viewpoint. However, the limi 
tations must be reviewed during the system design stages so 
that, in actual service, proper line maintenance is observed. 

Mr. Waldbauer’s comments included substantiation of the 
test work included in the paper but did not agree on the 
term ‘‘constant-wattage.’’ The lack of accurate definitions 
for terms used in outdoor lighting has, at times, led to a 
few misunderstandings. I have defined ‘‘ constant-wattage’’ 
as a type ballast that maintains the wattage to a reference 
lamp to within + 2 per cent when the line voltage is varied 
+ 13 per cent. 

One of Mr. Toenjes’ questions concerns the use of low 
power factor reactors in systems with a central point se- 
lected for locating power factor correction capacitors. Such 
a scheme does offer possibilities. The introduction of the 
oxide electrodes into all lamp sizes provides reliable cold 
weather starting; reactors mounted in standard NEMA 
heads offer excellent lamp control at low cost. If such a 
system could be correlated with a central capacitor control 
through the use of proper switching techniques, I would 
expect excellent lighting performance. Series lighting trans- 
formers were not included within the scope of the paper. 
However, series mereury lighting transformers are being in 
stalled in luminaires with excellent results. Perhaps a future 
paper will cover this subject more thoroughly 

Both Mr. Toenjes and Mr. Harrington questioned the 
ranges of lamp are voltages shown in Figs. 4 and 5. The 
ranges of ‘‘high’’ to ‘‘low’’ represent a lamp operating 
voltage range of 120 to 150 volts for the 400-watt lamp. The 
terms ‘‘low,’’ ‘‘nominal,’’ and ‘‘high’’ inelude all mer- 
eury lamp sizes regardless of rated nominal voltage. 

Mr. Toenjes, in referring to Tables IT and III, indicated 
longer warm-up time for constant-wattage because of the 
lower starting current. This assumption is incorrect. Tables 
II and III refer to line current, not lamp current. The 
lamp starting current of all constant-wattage or regulator 
type ballasts is well above the minimum rms values as re 
quired in the present or proposed ASA mercury lamp speci- 
fications. The warm-up time for lamps operated from con- 
stant-wattage or regulator type ballasts is no longer than 
that for any other ballast. The ‘‘ hypothetical ballast,’’ in 
which starting line volt-amperes are equal to line operating 
volt-amperes is available in non-constant-wattage designs. 

The recent announcement by lamp manufacturers intro- 
ducing oxide electrodes into the smaller size lamps makes 
Table I incomplete. With the introduction of the 100-watt 
H38, 175-watt H39 and the 250-watt H37, there is now a full 
range of mereury lamps, from 100 watts through 1000 watts, 
which will start and operate at —20F utilizing reactors. 


* Author. 
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Derivation of Ballast-Lumen Ratio 


D, — TO THE increasing use of heavily- 


loaded lamps, accurate lumen output data on the 


ballast-lamp combination is being required by 


many agencies that have designed installations 
around the published ratings of these lamps. The 
extreme sensitivity of these lamps to air currents 
and temperature makes it difficult for the agencies 
to gather the necessary data, Also, the protracted 
stabilization period required by the lamps to reach 
proper operating conditions has aggravated this 
condition 

In order to measure these lamps, the testing lab 
oratories have devised short-cut methods to speed 
stabilization and maintain lamps at a certain con 
dition for protracted periods. This is done by vari 
ous water-cooling set-ups when the lamp mercury 
temperature and pressure are held at a constant 
value by immersion or contact with water at a spe- 
cific temperature. Another method has been pro 
posed by WwW. W 


There are, however, definite limitations to these 


Brooks." 
methods, i.¢., the invariability of mercury tempera 
ture with lamp current, which preclude their im- 
mediate acceptance. Also, the cost of this equip 
ment and the steps necessary to maintain it make 
it too expensive for those laboratories where only 
10 or 20 measurements may be made each year. 

This paper will show relationships between the 
luminous efficacy of a lamp and its current, and 
the light output of a lamp and its power input 
These ratios can be used to determine the lumen 
output of a heavily-loaded lamp on a specific com 
mercial ballast 

The use of this technique is not limited to the 
1.5-ampere lamps, but is applicable to all types 
The 1.5-ampere lamp is used for this work because 
of the special problems inherent in the testing of 


these ty pes 


Lamp Volt-Ampere Relationships 


Lamp voltage is nearly independent of lamp cur- 
rent. The number of electrons moving in the lamp 
(electron density) is a function of the current fur- 
nished by the ballast. Any increase in electron 
density means that excited atoms in the lamp will 


have less time to return to ground state (by radiat- 
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By J. C. HEFFERNAN 


Measurement of ballast per cent light output 
for extra-high-output lamps has created seri- 
ous problems for testing laboratories because 
of the extreme sensitivity of these lamps to 
air currents and temperature. Various short- 
cut methods have been devised by the labora- 
tories, but the high costs involved make these 
systems questionable. Per cent light output 
can be computed from a basic formula using 
two main relationships: (1) luminous efficacy 
as a function of electron density or lamp cur- 
rent and (2) amount of light generated by a 
given lamp is proportional to power input, 
lamp current remaining constant. 


ing ultraviolet energy) before being hit by another 
electron and brought into a higher level of excita- 
tion or even ionized. This increased ionization 
causes more charged particles, ete., thereby lower- 
ing the lamp voltage necessary to maintain the dis- 
charge. However, when these atoms are raised to 
their higher excited levels, the ultraviolet radiation 
associated with the return to ground state does not 
occur. This loss in ultraviolet radiation causes a 


decrease in the luminous efficacy of the lamp.” 


Lamp Wattage and Light Output Relationship 


Total lamp wattage supplied by a ballast is pro- 
portional to the area under the wattage curve. Ex- 
amination of the wattage curve and the light out- 
put curve of a lamp shows that they are very simi- 
lar in shape and phase.* The light output can thus 
be tied closely to the lamp wattage. Lamp wattage 
is controlled by the voltage and current wave 
forms 

The current wave form supplied by a ballast de- 
termines, to a great extent, the wattage supplied to 
a lamp—the higher the peaks of current, the lower 
the lamp wattage. These high current peaks are 
believed due to eore saturation and harmonics, 
since they become more pronounced as the ballast 
input voltage is raised. 

A paper presented at the National Technical Conference of the 
INuminating Engineering Society, September 11-16, 1960, Pittsburgh, 


Pa. AvurHor: Sylvania Electric Products Inc., Danvers, Mass. Ac- 
cepted by the Papers Committee as a Transaction of the IES. 
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PER CENT RATED LIGHT OUTPUT 











1.2 1.3 
LAMP CURRENT 


Figure 1. Variation in light output with lamp current 
on a transformer linear reactor circuit, separately 
heated cathodes, one 96-inch extra-high-output lamp. 


The voltage wave forms of a lamp are deter 
mined mainly by the lamp shape, size, fill and pres- 
sure. As noted above, lamp voltage is influenced 


by current density 


Lamp Power Factor 


Power factor is generally defined as the cosine of 
the angle between voltage and current in a power 
load. Sinee the current and voltage in a fluorescent 
lamp are considered in phase, the variation be- 
tween volt-ampere values and wattage should be 
called form factor. The form factor of the 1.5- 
ampere lamp on most of the present-day commer- 
cial ballasts is between .73 and .78. On a trans- 
former linear reactor ballast, the form factor is 


approximately .84 


Variation of Light Output With Loading 


As noted previously, the luminous efficacy of a 
lamp will vary with electron density for values be- 
low limiting current densities.*2 As the lamp cur- 
rent is reduced below its rated value, the luminous 
efficacy will increase. A series of measurements 
were made on the 96-inch, 1 5-ampere lamp to see 
the effect on this type lamp. These were made in 


an open-type luminaire with a transformer and 
Lamp 


linear reactor circuit used for ballasting 
current was varied between 1.0 and 1.6 amperes. 
Readings of footcandles, lamp wattage and current 
were taken. The results are plotted in Figs. 1 and 
2. Using these data, a set of lumens per watt values 
were computed for each current. 

By dividing the lumens per watt at each cur- 
rent by the lumens per watt at rated current, a 


MARCH 1961 











PER CENT RATED LAMP WATTAGE 











1.2 1.3 

LAMP CURRENT 
Figure 2. Variation in lamp wattage with lamp current 
on transformer reactor circuit, separately heated cath- 
odes, cathode wattage not included, one 96” EHO lamp. 


factor called ‘‘ Efficacy Factor,’’ A, is found. This 
With this efficacy 


factor known for a specific lamp current, the per 


value is plotted on Figure 3. 


cent light output ratio between a commercial bal- 
last and a reference ballast should be directly pro- 
portional to lamp wattage on the two ballasts mul- 
tiplied by the efficacy factor to correct for the lamp 
current. This is developed further in the following 


paragraphs. 


Light Output on Commercial Ballasts 
At Various Currents 


To check the validity of the statement that the 
light output is proportional to lamp wattage at a 
given lamp current, a series of tests were made. A 
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LAMP CURRENT 


Figure 3. Variation in efficacy factor, K, with lamp 
current, 


Derivation of Ballast-Lumen Ratio—Heffernan 





TABLE I—Series of Wattage and Light Output Measure- 
ments on 96-Inch 1.5-Ampere Lamp Operating at Various 
Currents. (Readings were taken on a reference ballast 
Input 
voltage to commercial ballasts was adjusted to give same 


then quickly switched to a commercial ballast. 
lamp currents.) 


Ratio 
Foot- 
candles 


Lamp 
Current 
{Amperes)} 


Ratio 
Watts 


Lamp Foot- 


Ballast Watts candles 


i Reference 
Commercial 


Reference 
ommercial 


Reference 
ommercial 


ommercial 


Reference 
ommercial 


ommercial 


Reference 
ommere ‘ 
ommercial 


Reference 
ommercial 
ommercial 

Reference 
ommercia 


ommercia 


special open-type luminaire was installed 64% feet 
above the floor and one 96-inch lamp was installed. 
The room containing the fixture had conditioned 
air at 77F. The luminaire orientation was ar- 
ranged to have a baffling effect to limit the air cir- 
culation to a minimum. Footeandle readings were 
taken on the floor directly under the luminaire. 

A group of single-lamp commercial ballasts were 
selected and connected to the lamp. Separate fila- 
ment transformers supplied cathode voltages nec- 
essary for proper heating (3.6 v This allowed 
direct readings of lamp current, voltage, and wat- 
tage during the tests 

A series of readings were then taken on the lamp 
currents ranging from 1.0 to 1.6 amperes, in the 
following manner: 

1) The transformer-linear reactor supply was 
used to furnish 1.0 ampere to the lamp. Readings 
of lamp current, wattage, voltage, and footeandles 
were taken 

2) The lamp was immediately switched over to 
a commercial ballast supply and the input voltage 
was adjusted to furnish 1.0 ampere to the lamp 


Readings of current, wattage, voltage, and foot- 
candles were taken. 

(3) Tests were repeated for 1.2, 1.3, 1.4, 1.5 and 
1.6 amperes and results are listed in Table I. 

By comparing the lamp wattage ratios and light 
output ratios at the different currents, it can be 
seen that they are substantially the same. There- 
fore, the wattage ratio of a ballast can be used to 
determine its light output. To compute the per cent 
light output of a particular ballast as compared to 
the output on a reference ballast circuit at rated 
conditions, an efficacy factor for the difference in 
luminous efficacy between the lamp operation at 
the two lamp currents should be applied, then the 
light output computed by applying the efficacy 
factor to the ratio of lamp wattages. This formula 
would then be: 

Light output Rated Lumen Output K Lamp 
Wattage & K/Rated Wattage 
The utility of this formula is shown by the re- 


sults below. 


Light Output on Commercial Ballasts 
At Rated Input Voltages 


Next, a group of one- and two-lamp ballasts 
were selected for the 96-inch 1.5-ampere lamp. 
These ballasts were connected to one- and two-lamp 
First, 


a reference ballast cireuit was connected at rated 


combinations in the same luminaire set-up. 


conditions to each lamp and the light output on the 
one- and two-lamp operation measured. When this 
was completed, the group of commercial ballasts 
was connected and measurements of input wattage, 
current, voltage, lamp wattage, current, voltage, 
current crest factor and light output were taken 
at rated input voltage. The per cent light output 
on each ballast was determined by this test. In ad- 
dition to actual light output, a computed per cent 
light output was calculated based on the formula: 


Per Cent Light Output = Lamp Wattage 
K/Rated Wattage 


Where K is the Efficacy Factor of the lamp at the 
measured lamp current. 


K used in the formula was taken directly from 


TABLE Il—Comparison of Per Cent Light Output on Single-Lamp Ballasts with Output on Reference Ballast 
Adjusted to give Rated Light Output. Computed Per Cent Light Output Based on Formula; Actual Light Output Is 
Result of Tests. (One 96-Inch 1.5-Ampere Lamp.) 


Lamp Watts Lamp Amperes 


Reference Ballast 213 1.54 
‘ ercial Ballast 180 1 
Commercial Ballast 183 1 
Commercial Ballast 190 1 
Cor i 


ercial Ballast 203 


Lamp Volts 


Per Cent Light Output 
Computed Actual 


168 56.5 100 100 
183 7 86.1 
178 86.8 
178 90.0 
170 94.9 


Footcandles 





s a 
van 
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TABLE 111—Comparison of Per Cent Light Output on Two-Lamp Ballast with Output on Reference Ballast Adjusted 
To Give Rated Light Output. (Two 96-Inch 1.5-Ampere Lamps.) 


Input Lamp #! 


Watts Volts Amps Watts 


Ballast 
54 214 


Reference Ballast 167 
rc 186 


1 
Commercial Ballast ; 443 178 I 
ommercial Ballast 445 178 1.26 184 
ommercial Ballast 431 I 181 
‘ommercial Ballast 482 1 204 
ommercial Ballast ’ 465 1 195 


{ 
‘ 
{ 
t 


the curve of Fig. 3. The results are listed in Tables 
II and III. A comparison of actual per cent light 
output and computed per cent light output on this 
table indicated the accuracy that can be expected 


from this method. 


Uses of Technique 


In order to utilize this technique, th following 
steps can be taken: 

1) Connect up the lamp and ballast as required 
in a controlled ambient environment at 77F 

2) Connect an ammeter and wattmeter in the 
lamp circuit. 

3) Separately heated cathodes can be used, but 
if a separate filament transformer supply is not 
available, the lamp current and wattage can be 
read while disconnecting one of the cathode leads 
and taking the readings of wattage and current in 
the other lead. Three watts should be subtracted 
from the wattage value of each lamp because of 
the increase in lamp wattage when operated with- 
out coil heat. 

(4) Turn the lamp or lamps on and stabilize 
them. 

(5) Reeord the lamp wattage and current for 
each lamp. 

(6) Enter the curve of Fig. 3 with lamp current 
and read K at that value 

(7) Knowing the rated lumens and wattage of 
the lamp, all factors in the formula: 

Rated Lumens * Lamp 

Rated Wattage 
Efficacy Factor K are known 


Lument output 


Wattage 


Conclusion 

The use of electrical parameters of current and 
wattage to determine the light output of a com- 
mercial ballast should enable many agencies to esti- 
mate accurately the lumen output they will get 
from a particular ballast. This can be done without 
use of expensive light measuring devices and ref- 
erence ballasts. 

It should also be noted that the furnishing of 
rated lamp current by a commercial ballast does 
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Volts Amps 


Per Cent Light 
Current Output 
Lamp #2 Foot- Crest Com- 


Watts candles Factor puted Actual 


l 213 132 1.435 100 100 
] 186 118 89.1 aa 
1.2 184 118 a8.9 ao .3 
l 181 117 5 87.7 

1.45 207 128 96.8 

I 


193 120 B17 


not assure rated light output. The crest factor of 


the current wave form must be low enough to give 
rated wattage before rated lumen output is assured. 
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DISCUSSION 


J. T. LAUGHLIN This paper again brings to the fore the 
problem the industry faces when it must make percentage 
light output measurements on 1.5-ampere lamps. Bluntly 
stated, the problem is one of making the lamp assume the 
rated electrical characteristics of voltage, current and 
wattage attributed to it by lamp manufacturers. This used 
to be simple before the advent of 800-ma, l-ampere, and 
15-ampere lamps. Two conditions which must prevail to 
achieve a bona fide test on 1.5-ampere lamps are: 

1) Right Lamp—The lamp must have the amount of 
mercury and gas fill pressure necessary to inherently yield 
the rated electrical characteristics. 

2) Right Environment—The lamp environment must be 
of the proper temperature and degree of air movement. 

The burden imposed by the first condition, the right lamp, 
is no worse for 1.5-ampere lamps than for 40-watt rapid 
start lamps, for example. Obviously, and understandably, 
relatively few of a group of lamps of a given type will 
have electrical characteristics within the = 2% per cent 
range specified by ASA Standard C82.1 for a reference 
lamp. Reference lamps may be obtained on request from 
lamp manufacturers or culled from a carton of lamps ob 
tained from the local electrical supply house. 

The second condition, however, the right environment, has 
posed an increasing burden as lamp currents have gone from 
425 ma to 800 ma to 1 ampere to 1.5 amperes. These in 
creasingly heavier loaded lamps have beeome hypersensitive 
to temperatures above the standard 77°C. Temperatures 
higher than 77°C cause the lamp voltage and, consequently, 
the lamp wattage and light to drop precipitously. 

There are ominous implications inherent in this phe- 
nomena. It should be obvious to all that for maximum 
efficiency at normally experienced indoor temperatures, 1.5 
ampere lamps should not be subjected to temperatures which 
are in excess of room ambient. Another way of saying the 
same thing is, don’t subject the lamp to its own accumu 
lated heat; after all, there are approximately 170 watts 
converted to heat in an eight-foot, 1.5-ampere lamp. How- 


*Sola Electric Co., Elk Grove, Ill 


Derivation of Ballast-Lumen Ratio—Heffernan 





ever, this is not really new. Even 425-ma lamps can experi 
ence a 16 per cent decrease from rated wattage in a four 
lamp, fully enclosed ceiling mounted luminaire. 

Whereas lamp manufacturers and ght users look upon a 


fluorescent lamp as a 20 per cent efficient light source, 


ballast and luminaire manufa er as an SO per cent 
efficient heat source 
I do not see that the procedu outlined in this paper 


lamp or ivironment equirements It is 


obviates eithe the ' 


still necessar for } juireme be met; having 


fulfilled these conditions j ‘ j reasonable to use 
the conventional ASA procedurs 
Apart from the facet tha he 4 imp and the right 


environment are still needed and hard to come by, L have 


another more basic questio Has the author considered 


the effect of lamp current e¢1 ctor I ask this because 
it has been my understan ’ t light output for a given 


lamp wattage decreases irrent crest factor in 


ereases.' Fig shows lumens/watts as lamp 


eld eonat irrent erest factor 
increases 
A hyvypotheti whether 


information 


system out 


R hayer! are compatil Assume 1.6 


ing 
paper, has 
it the lamp 
rated 


lelivers } a 


would indicate 
same 107 per 
lamp eurrent 
per cent 

of Mr 
resolved. If 
the formula, 
isurement tech 


compared 


ballast 

1.0 through 
it voltage 

t factor 
efficacy 


imp eurrent and 


their investment in 
y specifying quality 
er is more than 

t There 


the most 


opment of an effi 

the fact that 

light output and ey ar ected by both the crest 
factor and the rms irrent. It has been 
known for quite some tims the lumen output of a lamp 
and the relative lumens px vary in accordance with 
the ratio of peak to rms 1 yr, in other words, the crest 
factor For example, 10 lumens and lumens per 


watt would be obtained : \ es a crest factor 
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of ; at 1.7 erest factor the percentage would drop to 
96 per cent; at 1.85 crest factor the percentage would drop 
to 95 per cent. 

Further experience has indicated that these ratios are 
not entirely consistent, but vary with the particular wave 
shape of the lamp current and the sharpness of the peak 
eurrent. Consequently, it has been found that some wave- 
shapes with poor crest factors have given relatively good 
light output. 

It is quite possible that the efficacy factor shown in this 
paper may compensate for these differences, and has pro 
vided an additional tool to determine the approximate light 
output of a ballast, noting the wattage and the lamp cur 
rent. The efficacy faetor has been developed based upon the 
utilization of a reference ballast and a fairly sinusoidal 
lamp current waveshapes In Table I, there is closer corre 
ation between commercial ballasts A and B and B and C 
than there is between the reference ballasts and the com 
mercial ballasts. The percentage variation between the ref 
erence and the commercial ballasts appears to inerease as the 
lamp current increases. We know that a commerical ballast, 
when operated below rated line votlage, develops a more 
sinusoidal waveshape than it does at line voltage. Conse 

ly, the erest factors of the commercial ballasts are 
poorer at rated voltage than at the lower voltages. It is 
quite possibl variations noted in Table I are due 
efficacy factor does not entirely com 
pensate crest factor. It would appear, 
however is sufficiently good to enable an 
approximation of ut of a ballast with the aid of the 
efficacy factor 
does not appear, however, that the application of this 
factor is going to enable commercial users to evalu 
vallast without the use of a standard for comparison. 
The reason for this is that the problem of stabilizing the 
} 


mp has not been eliminated. A lamp, when ignited, starts 


out with a relat y high wattage and low lamp current. 
\s it warms up, the wattage drops and the lamp current 
With 
hiliz -am lamps, the point of stabilization 


lamps that are as difficult to sta 


} 
becomes qui riti It is necessary to check lamp wattage, 
lamp voltag 1d lamp current in the process of deter 
mining whether stabilization has been achieved. Lamps 
themselves, which are used as reference lamps, may have 
variations in their characteristics of ©2% per cent. In de 
termining light output the normal procedure is to operate 
the lamp on a reference ballast to first determine whether 
or not the lamp itself is operating within reference lamp 
limit readings. A variation of five per cent is possible in 
iccordance with the above tolerance limits. With this same 
reference ballast, variations in room temperature, drafts, 

may quite readily cause considerable variation in the 
.ctual lamp wattage that is measured. 

As I understand this paper, it is the author’s intent to 
eliminate the use of a reference ballast, and to utilize the 
lamp and ballast being tested in such a manner as to deter 
mine the relative light output of the combination without 
the use of a reference ballast. There is no means available 
for the operator to determine, under these conditions, 
whether or not the lamps are stabilized. There also is no 
means available for the operator to determine whether or 
not the lamps in question fall within the limits of reference 
lamps. If the room happens to have a slight draft or a 
slightly low temperature, the light output readings obtained 
with this system will be considerably above those obtained 
with a normal measuring procedure. If the room tempera- 
ture is slightly high, readings may be several watts below 
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those which would be obtained under the correct operating 
conditions. 

When tests are made in conjunction with a reference 
ballast, it is found that these variations, due to ambient 
temperature, etc., balance themselves out tu a great degree, 
inasmuch as the same variations as influence the readings 
on the commercial ballasts influence those on the reference 
ballasts. The possible variation of watts actually measured 
by the reference ballast may very well be in the neighbor 
hood of five per cent or better, due to the variations men 
tioned above. Again we have found that, utilizing room 
stabilization conditions, it is not possible to switch directly 
from a reference ballast to a commerciiul ballast and take 
an immediate reading. Since the commercial ballast may 
earry a different current than the reference ballast, it has 
been found desirable to allow an additional 15 to 20 minutes 
of stabilization time when switching from one ballast to 
another. The differences due to this time allowance, how 
ever, may be on the order of one per cent 

An additional factor is involved in the measurement of 
lamp wattage. The actual measurement of lamp wattage 
with rapid-start lamps has been and still is a difficult prob 
lem, which has led to the light output comparison system 
Attempts to measure lamp wattage, as indicated here, could 
lead to considerable confusion. Wattage readings will vary 
depending upon which of the two cathode leads is discon 
meters are used to determine 


nected. Normally, light 


whether the disconnection of a cathode lead has made any 


change. They will also vary in accordance with which of 
the two cathode leads on the other end of the lamp is used 
for measurement purposes. 

Too many possibilities of error appear present to warrant 


justification of this system 


DANIEL Lovinecer:* The author refers to the close relation 
ship of the light output curve and the wattage « 
given lamp. What little data we have taken wou) 


that the light output curve would more near 


ly 
lamp current, which is somewhat different from 
wattage curve. However, on a relative basis, I ar 
difference is slight enough to allow for the sui 
tion of this type of formula 

The author’s plan to improve the efficiency of 
last testing is obviously a good on The major 
would be that of knowing when the lamp is ‘‘st: 
In addition, I am sure the author would have to assume thi: 


the lamps used were carefully selected ‘‘reference lamps.’’ 


We have used the author’s formula on several of our bal 
lasts and have found that the formula worked successfully 
within an error of one to three per cent. This error, of 
course, may be due to the variation in our reference lamp. 
Another possible explanation could be the fact that the 
efficacy factor curve (Fig. 3) was apparently developed 
using a sinusoidal power supply. Certainly this can be true 
of a reference ballast lamp circuit, but commercial ballasts 
tend to have somewhat higher crest factor, and this may also 
induce error into the measurement system when comparing 
various manufacturers’ ballasts. 

I am sure the author has broken ground for a new way 
of making relative light output measurements on commer 
cial ballasts that will, after some additional work, replace 
the rather elaborate and sometimes cumbersome method 
currently being used. I suggest that this paper be pre 
sented at the next ASA meeting and a program be set up 
to further develop this method of testing. 
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M. E. Rosertson:* This method of determining relative 
light output offers a definite short eut for the laboratory 
which has only an occasional measurement to make. I feel, 
however, that it has two drawbacks. 

First, the determination of the efficacy factor K is diffi 
cult, requiring the use of laboratory-type meters, standard 
reactors, and filament transformers. These lengthy tests 
must be performed for each lamp type. If the lamp manu 
facturers will furnish K factors for all of their lamps, this 
objection is overcome. 

Secondly, the choice of efficacy factor K for a given 
comparison is dependent upon the measurement of rms 
current through the lamp from the test ballast. The author 
pointed out that ballast current waveform determines the 
lamp wattage. A ballast having peaked wave, as com 
pared to a ballast having a more nearly square wave, will 
have different values of rms current but could be delivering 
the same watts to the lamp. This could lead to a choice of 
the wrong efficacy factor K from the curve. The ballasts 
chosen by the author apparently had similar current wave 
forms but the commercial ballasts available may have widely 
different waveforms. 

If the laboratory has the equipment to establish efficacy 
factors, then it must have both standard reactors and light 
meters. With this equipment, one need only take a foot 
eandle reading with the standard reactor and with the 
ballast in question and express the latter as a percentage 

former 

most important point to us is that the paper offers 
proof that it is not necessary to have the lamp under abso 
lute standard conditions to check light output as long as 
lamp conditions are the same for both standard reactor 
and test ballast. This allows the use of present test m« thods 
ind eliminates the need for a water bath or similar cooling 


media 


M. Kooker Inasmuch as the only measurements re 
ire electrical ones, which can be made with ordinary 
nstruments, this new method of determining the light out 
ballast does have the advantage of simplicity. 
merits further consideration by the industry, 
ture usefulness, as compared to the more con 
ventional methods involving measurement of lamp bright 
ness, will depend primarily upon the degree of accuracy 
be attained. 
the introductory paragraphs, Heffernan points 
that, in the case of heavily-loaded (1.5-ampere) lamps, 
of the problems encountered in measuring light output 
io is the very long time often required for lamp stabiliza 
tion. Since he specifically recommends this new method for 
ise with the 1.5-ampere lamps, it seems to imply that the 
new method would avoid this long delay. Later in the 
paper, however, the fourth step in the suggested measure 
ment technique is to ‘‘Turn on the lamp or lamps and 
stabilize them.’’ I would like to ask whether this new 
method does, in fact, require that the lamps be brought to 
their final stabilized operating conditions, or whether it was 
the author’s intention that the lamps be given only a short 
‘‘warm up In this connection I would also like to ask 
if the data in Tables II and III were taken with the lamps 
stabilized or unstabilized. 
The author states that this new method is based on two 
fundamental relationships of certain lamp parameters. In 


support of the first of these, he offers the data shown 
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graphically in Figs. 1, ~ M data are in excellent 
agreement with similar which have taken on other 
like to point out 
on linear reactor 


eireuits having 


higher ere wtors 


Actual from the mipoi of atr iracy, the two 
fundamental relations! ‘ ‘ ! suthor should 

mented by third ‘ onship showing that 

t eonstant eur tf. vari with lamp « 

7 According to « iv took several 


hange would lx wut 1) p nt between crest 


1.5 and RS ‘ wou ee the range usually 


in commere) s also born 


Mr ‘ ! I shown in 


footeandl 


term Rated 

Is this the actual 
reference ballast at 
value taken from a 
ASA standard? If it is 


manufacturet 


only a nominal value I would expect the caleulated 
output ratios t error by the same per cent as 
difference betwe he a il lamp watts and the pub 
lished value With no \ ‘ 1 lan ps this eould, 
even for a 40-watt | r " imo o two per cent or 
more 
4 third consideration accuracy of the for 
loaded lamps, is the 


If un 


mula, t least for some 


question of lamp st: 


ibilization mentioned previously 
stabilized lamps are d, the measurements of lamp watts 
would be too low by 
The author’s data in ) | indieate that the 
formula gives values ! } wer nt of those that 
would be determined by utput measurements 
In view of the factors mentioned wove, we find it hard to 
believe that this degree of would always be at 
Even with the methods so far devel 
is diffeult to get 1 nore than one half per 
iracy unless single measurement is 
It would appear ou it the formula method 
ild be useful only pproximate inswer will 
suffice 
One other item that n h «o «be mentioned is Mr 
Heffernan’s suggestion that ‘ ‘‘lamp form factor’’ 
be substituted for ‘‘lamp ) factor.’’ We do agres 
that the term ‘‘ power factor,’’ as it is normally defined in 
engineering terminology, do« ot strictly apply to fluores 
cent lamps. We might also po it, however, that the term 
‘form factor’ has also been ridly defined in engineer 
ing terminology, and it too do not fit the case of a 
fluorescent lamp. If s needed, perhaps the term 
might void stretching the 


ipparent power fa 


proper meaning of the de d tern 


J.C. HerrerNan:* Lamp stabilization is in itself a separate 
topie which should perhap v the subject of a conference 
paper. Since it was n¢ for my paper I can 

point out that the 
Messrs 


methods of testing; 


not at this time discuss 
stabilization problems mentic Laughlin and 
Feinberg also appear 


these problems would it b , of the adoption of 


Derivation of Ballast-Lumen Ratio 


Heffernan 


the methods mentioned m the paper. As one who has sat 
in on many ASA meetings over the past two years when 
this was discussed, I realize the many areas of disagreement 
that exist today among the ballast and lamp manufacturers 
over the best method of measuring per cent light output. 

I did not attempt to apply current crest factor into any 
formula beeause I feel that its effeet can be clearly seen 
from an examination of Table I. For example, commercial 
ballast A, 


watts to the reference lamp while the reference ballast at 


operating at 1.2 amperes, furnishes only 165 


the same current is furnishing 181 watts. Therefore, com 


mercial ballast A (erest factor 1.72) furnishes 91.2 per cent 
of the power to the lamp that the reference ballast furnishes 
factor 1.41 


A is 90.7 per cent of the output on the reference ballast. 


Light output on the commercial ballast 


In other words, though you have a wide variation in lamp 
eurrent crest factor, the effect of this variation is clearly 
indicated by the drop in lamp wattage when the poorer 
waveshape source is used. I might also indicate the magni 
tude of changes in crest factor on most of the commercial 
ballasts during these tests; from 1.5 at 70 per cent input 
voltage to 1.7 at 115 per cent input voltage. 

Mr. Laughlin feels that Mr. Thayer’s 1943 paper is not 
compatible with my paper. I find the opposite to be true 
While Mr. Thayer indicates the decrease in lumens per watt 
as wattage is held constant and lamp current crest factor 
ind rms eurrent are increased, my paper quite clearly shows 
the decrease in light output to be expected when a ballast 
of poorer waveshape is operated at the same rms current as 
i reference ballast. In my paper the decrease in light output 
is tied directly to the difference in lamp wattage on the 
two ballasts, which is again an indication of the effect of 
the current crest factor on lamp performance. 

While some concern appears to be indicated by Messrs 
Feinberg and Laughlin about the possibility of a ballast 
design incorporating a very high crest factor, which would 
not produce the light output indicated by the paper, it 
should be remembered that the present ASA specifications 
on limiting lamp current crest faetor to 1.7 maximum would 
certainly prevent any substantial deviation from present-day 
ballast construction 

As for Mr. Levinger’s suggestion that the paper be pre 
sented at the next ASA meeting and a program be set up 
to further develop this test method, I would be most willing, 
18 a representative of a lamp manufacturer, to aid in these 
tests. However, I feel that nothing should be done along 
this line that would in any way further delay the time when 
the 95 per cent minimum light output ballast for the extra 
high-output lamp becomes the accepted standard for the 
industry 

With regasd to Mr 


availability of efficacy curves from lamp manufacturers, I 


Robertson’s question concerning the 
believe that this matter could be taken care of without any 
difficulty 

In answer to Mr. Kooker’s question on lamp stabilization, 
all data reported in this paper were taken with lamps in 
their final stabilized operating condition. This is a necessity 
for proper use of this method. 

With regard to lamp wattages, the rated watts mentioned 
are the actual measured values, using separately heated 
eathodes. 

In order to eiiminate variations in lamp wattage, it is 
suggested that reference lamps could be used in this type 
of testing with the data on actual lamp wattage supplied 


by the manufacturer. 
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Lamp Performance Related to 


Reference and Commercial Ballasts 


This paper presents additional data on the use of mixed fill 
gases in fluorescent lamps with emphasis on how initial lamp 
performance is affected on reactor type reference ballasts 
and commercial ballasts. The majority of data concerns the 
addition of neon to argon in the 40-watt T12 lamp. 


icin ENT LAMPS contain, in addition 
to mercury vapor, a few millimeters’ pressure of a 
rare gas, such as argon, in order to facilitate start- 
ing, protect the cathode from ion bombardment 
and prov ide required electrical characteristics. The 
use of a mixture of two or more rare gases has been 
shown to offer certain advantages which have made 
possible new or improved lamp types.'** For ex- 
ample, the 25-watt T12 preheat lamp at its intro- 
duction used a 25 per cent neon, 75 per cent kryp- 
ton mixture, later replaced by a 50 argon, 50 per 
cent krypton mixture which gave essentially the 
Although the 100 
watt T17 argon-filled lamp still has some limited 


same operating characteristics. 


applications, it has been almost completely super- 
seded by the 90-watt T17 lamp, filled with 50 per 
cent argon, 50 per cent krypton. 

Fill gas mixtures continue to be of interest to 
the fluorescent lamp design engineer. Certain mix- 
tures offer the possibility of increasing lumen out- 
put in a lamp of fixed geometry by developing 
higher wattage with high efficiency.‘ By use of 
mixed fill gases it may be possible to design lamps 
for optimum performance for specific ambient con- 
ditions and to provide lamp electrical characteris- 
tics more favorable to economic aspects of ballast 
design. In the use of mixed fill gases, the effect on 
lumen maintenance, lamp life, starting require- 


4 paper presented at the National Technical Conference of the 
Illuminating Engineering Society, September 11-16, 1960, Pittsburgh 
Pa. AvutTuors: Westinghouse Electric Corp., Bloomfield, N. J. and 
Cleveland, Ohio, respectively. Accepted by the Papers Committee as 
a Transaction of the IES 
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Reference and Commercial Ballasts 


By J. F. GILMORE 
R. E. HANSON 


ments and performance on various ballast circuits 
must be determined. 


Effect of Fill Gas Mixtures on Lamp Starting 


Lamp starting for this paper was considered sat- 
isfactory when 98 per cent of the lamps started at 
the minimum open-circuit voltage prescribed for 
the circuit in relation to 50F minimum ambient 
temperature and with starting aids as required. 
Starting requirements have been established by the 
industry for the 40-watt rapid-start lamps, as 
shown in American Standard C78.700-1958. The 
following conclusions have been reached as a result 
of many starting tests, using commercial ballasts 
representative of those now available. 

Starting of 40-watt rapid-start lamps on series 
lead ballasts is satisfactory for argon-neon gas mix- 
tures with neon content up to 50 per cent, at fill 
pressures 3.0 mm maximum. Neon content can be 
increased as fill pressure is reduced. For example, 
at 2.0 mm the neon content may be increased to 
60 per cent. 

The practical content of neon in argon-neon mix- 
tures in 40-watt lamps on preheat lead-lag ballasts 
is limited by an objectionable flicker on a high re- 
actance lead cireuit. This oceurs at neon content 
above 40 per cent with which neon content starting 
is still satisfactory. 

Krypton additions to argon have a deleterious 
effect on lamp starting, especially in rapid-start 
types. Practically, krypton additions sufficient to 


significantly change argon-lamp electrical charac- 
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teristics will be found to be excessive for satisfac- 
tory lamp starting. For this reason, mixtures con- 


taining krypton are not reported in subsequent 
data 

As a broad conclusion, it may be stated that 
within a practical fill pressure range, the use of 
neon in argon-neon mixtures does not affect lamp 
starting sufficiently to preclude its use in fluores- 


eent lamps to improve other lamp characteristics 


Lamp Operation on Reference Ballasts 


and Commercial Ballasts 


T¢ st Procedure 


Data were obtained on groups of 40-watt T12 
rapid-start lamps of identical construction but hav 
ing different compositions of argon-neon fill gas at 
different pressures. Extra anode area was provided 
to reduce end blackening anticipated in high-neon, 
low-pressure lamps. Lamps were burned to 100 
hours and were stabilized before each reading in an 
ambient of 77F + 1F 

The reference ballast conformed to specifications 
outlined in American Standard C82.3-1957, ‘‘ Amer 
ican Standard Specification for Fluorescent Lamp 
Lamp ratings are established 
In these 


Reference Ballasts.’’ 
on the basis of reference ballast operation 
tests, the reference ballast was a reactor set to 439 
ohms impedance, power factor of 7.5 per cent, for 
lamp operation from a supply voltage of 236 volts, 
without cathode heat. The reactor was operated 
for at least one hour before readings were taken. 


REACTOR-VOLTS VS COMPOSITION 











20 40 60 80 

% A 100 890 60 40 20 
COMPOSITION 

Figure 1. Voltage of 40-watt fluorescent lamp operating 

on reactor circuit as fill gas composition and pressure 


are varied. 
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If the use of argon-neon fill gas mixtures were to 
make possible a new or greatly improved fluores- 
cent lamp, it would be highly desirable that the 
new or improved lamp would not only operate satis- 
factorily on ballasts in existing installations but 
also would show improved performance on installed 
ballasts. Accordingly, the tests were made on an 
available commercial ballast rather than on a newly 
designed ballast. The ballast used was specifically 
selected as being of good quality and representative 
of the majority of 40-watt series lead ballasts on 
the market. By ‘‘ we mean that the 
specific ballast conformed to the specifications in 
American Standard C82.1-1960, ‘‘ American Stand- 
ard Specification for Fluorescent Lamp Ballasts.’’ 
To obtain uniformity of readings, it was necessary 
to operate the ballast at rated voltage for a mini- 
mum of two hours before taking lamp data. One 
of the two lamps starting and operating on the 


good quality’’ 


series lead ballast was shunted by a capacitor to 
facilitate lamp starting. Data were taken on the 
non-shunted lamp, with the other lamp from the 
same test group. Supply voltage was 118 volts in 
all tests. 

In reading lamp current, voltage and watts, the 
procedures conformed to the principles outlined in 
the ‘‘I.E.S. Guide for Electrical Measurement of 
Fluorescent Lamps—1954.’’ 

For convenience, most of the light-output data 
were taken by measuring the brightness of ap- 
proximately one foot of lamp length at the center 


of the bare lamp. The usual safeguards were taken 
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Figure 2. Current of 40-watt fluorescent lamp operating 
on reactor circuit as fill gas composition and pressure 
are varied. 
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REACTOR-WATTS VS COMPOSITION 


RELATIVE BRIGHTNESS 
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Figure 3. Wattage of a 40-watt fluo- Figure 4. 
rescent lamp operating on reactor 
circuit as fill gas composition and 
pressure are varied. 


in regard to the measuring equipment and repro- 


ducibility of readings. Cross-checks between the 
brightness readings and light-output readings un- 
der standard photometry conditions were made 


with each gas mixture. 


Lamp Performance on Reactor 


As shown in Figs. 1, 2 and 3, as gas fill pressure 
and neon concentration are increased, the lamp 
voltage rises with consequent reduction in current 


In Fig. 4, 
identified as ‘‘ Reactor’’ show that with 100 per cent 


and increase in lamp watts the curves 
argon, light output increases as pressure is reduced 
The pattern changes, however, as the neon concen- 
tration increases. The fill gas pressure for highest 
light shifts 
pressures with higher neon content. This effect re- 


output progressively toward higher 


lates to the efficiency of phosphor excitation, as 


The reduction of effiiceney with 


shown in Fig. 5 
low pressures of high neon content fill gas is due to 
higher elastic losses in the discharge and a shift in 
radiation characteristics toward non-exciting wave 
lengths. 

With the data in Figs. 1 to 5, the lamp designer 
has the opportunity to assess the possibilities of 
argon-neon fill gas mixtures in the 40-watt lamp. 
As a base line, the standard argon lamp may be 
considered to be at 3.0-mm pressure, having oper 
ating characterisetics of 98 volts, 433 milliamperes, 
38.8 watts, 100.5 relative brightness and 100.3 rela- 
tive efficiency. As noted previously, these test 
lamps had additional anode area which explains 
1961 and 
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Output of 40-watt fluores- 
cent lamp operating on reactor and 
series ballast circuits as fill gas com- 
position and pressure are varied. 
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Efficiency of 40-watt 
fluorescent lamp operating on 
reactor circuit as fill gas composi- 
varied. 


Figure 5. 


tion and pressure are 


of 


we 


slight differences from the characteristics 


regular production lamps. 


the 
Using Figs. 1 to 5, 
ean determine the characteristics of a hypothetical 
40-watt lamp having 2.0-mm fill gas pressure of a 
60 per cent argon, 40 per cent neon mixture. The 
voltage will be 104 volts; current, 433 milliamperes ; 
40.7 ; 
efficiency, 102.3. 
have, according to the reactor data, operating char- 


watts, relative brightness, 109; and relative 


Thus, the hypothetical lamp will 


acteristics permitting operation on commercial 40- 
watt ballasts of preheat or rapid-start design, and 
will offer about 8 per cent more output at slightly 
the 
lamp. No starting difficulties would be anticipated, 


higher effiicency than does standard argon 
according to the prior discussion. 

The hypothetical lamp has characteristics on the 
that 


showed that the same improvement relative to the 


reactor are attractive. Tests on such lamps 
argon lamp was obtained on good quality preheat 
ballasts. In the ease of rapid-start ballasts, the pat- 


tern was different, as discussed below 


Lamp Performance on Series Lead Ballast 


Figs. 6, 7 and 8 show the relationship between 
voltage, current and watts on the series lead ballast 
as fill 

Voltage 
neon content. Except for the case of 1.0-mm pres- 


gas pressure and composition are varied 


and wattage increase with pressure and 


sure, the current shows the expected decrease with 
increase in lamp voltage. We are unable to explain 
the curve of 1.0-mm pressure in Fig. 7. 

In Fig. 4, the identified *Ballast”’ 


curves as 
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Figure 6. Voltage of 40-watt fluorescent lamp operating 
on series ballast as fill gas composition and pressure are 


varied. 


with 100 per cent argon, light output 
Note again that 


show that 
decreases as pressure 18 reduced 
the opposite is true on the reactor. Fig. 9 shows 
that efficiency is reduced at lower pressures of high 
neon content, as was the ease on the reactor and 
for the same reasons 

The standard 3.0-mm argon lamp on the ballast 
operated at 101 volts, 426 milliamperes, 35.7 watts, 
95 relative brightness and 101.8 relative effiicency. 


The relative brightness on the ballast is 94 per cent 
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Figure 7. Current of 40-watt fluorescent lamp operating 
on series ballast as fill gas composition and pressure 
are varied. 


of that on the reactor, whereas the wattage on the 
ballast is 92 per cent of that on the reactor. Bright- 
ness does not decrease in direct proportion to wat- 
tage principally because cathode heat was supplied 
on the ballast and was not supplied on the reactor. 
These relations between reactor and ballast opera- 
tion of the standard argon lamp conform to what 
is expected of good ballast design. 

We find, however, that the hypothetical lamp 
with 2.0 mm of 60 per cent argon, 40 per cent neon 


BALLAST -EFFICIENCY VS COMPOS'TION 


Figure 8 (left). Wattage of 40- 


watt fluorescent lamp operating 
on series ballast as fill gas com- 
position and pressure are varied. 


Figure 9. Efficiency of 40-watt 
lamp operating on 
as fill gas com- 


fluorescent 


series 
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fill gas does not give the increased lumen output 
which would be expected. In Fig. 4, it is shown 
that the relative brightness is 97, which is only 89 
per cent of the value obtained on the reactor. Com- 


pared to the standard argon lamp, the light output 


of the hypothetical lamp is only 2 per cent higher 


on the ballast although it was 8 per cent higher on 
the reactor. From Fig. 8 it is learned that the hy- 
pothetical lamp develops 35 watts on the ballast, or 
86 per cent of the 40.7 watts developed on the re- 
actor. This tendency of the ballast to develop a 
progressively lower percentage of the reactor watt- 
age is more pronounced as neon content increases 
and pressure is reduced. 

It is not technically difficult (but perhaps not 
economically desirable) to design a preheat bal- 
last which will operate an argon-neon lamp at the 
same electrical values as are obtained on the re- 
actor. This seems to be more difficult with the series 
lead ballast. One source of difficulty arises from 
the fact that with two lamps in series, the lamps re- 
ignite in sequence at each half cycle, thus introduc- 
ing a time delay which results in increasing the 
current wave crest factor. With a given rms cur 
rent, a higher current wave crest factor results in 
lower lamp wattage. With higher neon contert, it 
has been observed that the reignition delay is more 
pronounced. It has been observed also that lower 
pressure has an adverse effect on current wave in 
the latter half of the cycle. 
observations it was concluded that in order to nar- 


From these and other 


row the margin between the standard reactor and 
the commercial ballast, the current wave shape 
should be improved to approximate a sinusoidal 
wave. 

One approach to improving the wave shape was 
to simulate the commercial series lead ballast using 
inductive and capacitive components that could be 
tested in several combinations. It was found pos- 
sible to approximate the same relationship between 
standard argon and argon-neon mixture lamps as 
was obtained on the reactor. Under these condi 
tions, the secondary flux density was about half of 
that believed to exist in the commercial ballast. 

A second approach was to modify a commercial 
ballast to permit testing several combinations of 
primary winding, secondary winding, and core 
material, keeping the same design of magnetic cir- 
cuit. The ballast size would not be affected appre 
ciably by these changes. Over the range of primary 
and secondary flux tested, there was no significant 
improvement in the operation of argon-neon mix- 
ture lamps relative to argon lamps. 

From our tests we have concluded that the com- 
mercial series lead ballast would have to be re- 
designed to a much greater size (and cost) to ob- 
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tain with argon-neon mixture lamps the same rela- 
tive performance between ballast and reactor as is 


obtained on argon lamps. 


Conclusion 


It has been shown that mixed fill gases can be 
used in fluorescent lamps to obtain higher lumen 
output and efficiency as ordinarily measured on 
reference ballasts. However, the operating charac- 
teristics of existing commercial ballasts in combi- 
nation with lamp characteristics may result in 
poorer initial lamp performance than would be ex- 
pected from reactor mersurements. Lamp design 
engineers, therefore, must carefully consider bal- 
last characteristics in altering or creating lamp de- 


signs and predicting lamp performance. 
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DISCUSSION 


\. E. Fernsera:* The authors have indicated a very realis 
tie approach to the problem of lamps, ballasts and lighting. 
Far too often in the past, lamps have been designed in 
dependently of the ballast. In many cases, lamp modifica 
tions were made and the ballast designer was expected to 
undertake the application of an existing ballast to a slightly 
modified lamp wherein the differences, as related to the bal 
last, were not too readily apparent. Consequently, they are 
not evident until field problems appear or the lamp fails to 
live up to the designer’s expectations. 

The on point that has not been stressed in this paper is 
the facet that the lamp is intended to develop 40.7 watts as 
compared to the 38.8 watts of the standard lamp. If this 
lamp had operated successfully on a commercial ballast, it 
would have required a draw on a commercial ballast of ap 
proximately four watts more than what the ballast had been 
designed for. This increase of five per cent in output would 
have meant an increase in primary current requirements of 
the ballast and could have meant a ten per cent increase in 
ballast temperature. The significance of such an increase 
has apparently been overlooked by the authors. It is im 
portant from both the standpoint of the ballast manufac 
turer and the fixture manufacturer that such temperature 
changes due to lamp changes not be overlooked. 

D. Lovinger:** As ballast designer, I agree that such 
things as fill pressure, gas mixture, and cathode construc 
tion are all critical factors which must be considered when 
providing proper lamp operation on commercial ballasts. At 
the same time, 


however, in the last several years ballast 


*Advance Transformer Co., Chicago, I) 


Sallast Department, General Electric Co., Danville, I 
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technology has progressed to the point where today’s ballast In addition to finding that the initial lumen output of 

designer can provide performance commercial! ballasts neon-argon 40-watt lamps on commercial ballasts was not 

to nearly equal that of reference l To do this, how as high as that predicted by operation on standard reactors, 

ever, he must be aw if the k of inges that have we found that the neon-argon 40-watt lamps had poorer lu 

been made in lamps men maintenance, greater discoloration and shorter life 
It wuld appear that ! years, significant than did standard argon-filled 40-watt lamps. 

improvement in lumen outpu efficic ies have been One question for the authors: Can you predict any eco 


brought about by variations in the same lamp construction nomical design of commercial ballast which might improve 


features noted in the paper These same newer lamps ap the operation of mixed gas lamps? 


have almost the s« ectriecal characteristics as 


i ‘*standard lamp.’’ erefore, it is important J. F. Giumore anp R. E. Hanson:* It is pleasing to note 


some consideration be lamp manufacturers that the findings reported by the diseussers parallel our 


rds supplementing the ele ical characteristics own results, with only minor differences. The primary differ- 
those pertinent desig arac ist that will affect ence is in the degree of deviation and it is surmised that 
rformane i ews ps on the various com this deviation is due to the variations of the commercial 


e light user be ballast used for comparison purposes, 

increasing lamp Mr. Feinberg’s reference to the temperature problem is 
very much appreciated. During the test work for obtaining 
data related to this paper, no temperature rise data were 


secured. We were aware, however, that the temperature 
presente: , . : 
i ented affected because of the redistribution of the bal 
own, In , It 


irrents was felt that the problem of temperature 
+) . 

ise, although important, was an area requiring extensive 

sucl 


testing and was not within the seope of this paper. The 


’ 
xception o rel lamy . 

er : : example Mr. Feinberg cited in his discussion points up the 

ym commercial | conelusions in thi . . 

{ im ag . = importance of the necessity for such test work when con 

rence . > 

. sidering operation of a newly designed lamp from a present 


that most of Lined la re 


neon-cont ig ! ) ost on a com 
commere¢ 


» design a bs ‘ 
lesign a bal The problem tandardization of lamp and ballast data 


with these : ’ 
striate mentioned hy r. Lovinger is ever present. We agree that 


: pertinent data on all new developments should be standard 
in isting : 
CRISTING ized wherever possible. 

1 lumens per . 

* Mr. Hinman’s disagreement with our results may be ac 
te y reference l measurements 
ated —_— " considering the difference in ballast oper 
ed-gas lat rT} i from two such . 

“2 : It was found that the ballast tempera 
lready be epor There is, then, no ‘ 
‘ n important f 


vector. Our data indicated that a 


ballast design pro . volved her higher lumen ratio wa secured with a eold ballast than 

\ddition, the autl e the mixed-gas lampe th a ballast which had been temperature stabilized, as was 

with non-standard arg made with large anodes done in our tests, The designs of several manufacturers 
: 1) 

lard, commereiall) were tested and we found no commercial ballast that gave 

mp, = : _ we auing pres the same lumen ratio for both argon and neon-argon lamps. 


m, ther } ss containing neon and : . 
= . & , Mr. Hinman also commented on the relative performance 
| } , " ; 1; ; 
argé nodes wit ‘ ‘ ’ ‘ ‘ 1v ‘ nan indicated 


imps used and commercially available argon 
ompared to the mixed gas design. He is cor 
that a greater advantage would have been 
th the commercially available argon lamp. How 
he advantage is small—three per cent as compared 

two per cent reported. 
Mr. Lows isked if we could predict an economical design 
f commercial ballast which might improve the operation of 
mixed gas lamps. With our present knowledge of the bal 
ust industry, we believe that a design which would improve 
the relative performance of the mixed gas lamp and argon 
lamp, to the required degree, would not be competitive with 


the industry is presently producing 
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Photometry of Luminaires Using 
Highly-Loaded Fluorescent Lamps 


| EE of extended light sources 
and, in particular, the extra-high-output (EHO) 
fluorescent lamps has placed greater burden upon 
Theo- 
retically, the results of photometric tests should 


photometric laboratory testing facilities. 
not be expressed in candlepower unless the meas- 
urements are made at such a distance from the 
light source that it may be regarded as practically 
a point. When measurements are made at distances 
such that the inverse square law does not apply, 
the results should be stated in ‘‘apparent candle- 
power’’ at the particular distance employed and 
this distance should always be specifically stated. 
The ‘‘apparent candlepower’’ of an extended 
source measured at a specific distance is the candle- 
power of a point source of light which would pro- 
duce the same illumination at that distance 

Several papers have been written’? which show 
that for 99.5 per cent precision in candlepower 
measurement, a photometric test distance of five 
times the maximum dimension of a fluorescent 
lamp is satisfactory. Beyond the five times maxi- 
mum dimension, the measurements fall within the 
realm of the law of diminishing returns 

The accuracy of coefficients of utilization for 
indoor luminaires as calculated by the IES Recom 


Method,’ 


sources, depends upon the accuracy of the deter 


mended which is based upon point 
mination of the lumens within the annular zones 
as calculated from the luminaire candlepower dis 
tribution data. This, in turn, depends upon the 
accuracy of the candlepower measurements which 
is theoretically dependent upon test distance.’* 
However, it should be pointed out that indoor 
fluorescent luminaires are not always applied in 
typical installations at distances approaching five 
times their maximum dimensions. 

In measuring candlepower or luminous intensity, 
it is usual to measure the illumination FE, which is 


produced by a source, at a convenient distance and 


A paper presented at the National Technical Conference of the 
Illuminating Engineering Society, September 11-16, 1960, Pittsburgh 
Pa. AUTHORS Westinghouse Flectric Corp Lighting Division 
Cleveland, Ohio. Accepted by the Papers Committee as a Transac 
tion of IES 
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Huge photometric laboratories have usually 
been required for adequate testing of fluores- 
cent luminaires. This paper describes the de- 
sign and construction of a so-called ‘point 
source” photometer in which adequate test 
distances for eight-foot luminaires in normal 
burning position may be obtained within a 
nominal ceiling height of 12 feet. Coefficients 
of utilization calculated from these test re- 
sults compared with actual measurements of 
the luminaires in an Interflectance Room 
check out its accuracy. 


multiply this value by the distance in feet squared 
D*). If the measurements of illumination are 
made at several increasing distances it will be 
found that the illumination / will decrease rapidly 
as the distance D increases. However, the values 
of ED* are found to approach a constant as D 
increases and sooner or later the product ED* be- 
comes essentially independent of D. This limiting 
value of ED* is a measure of the intensity of the 
source and is called luminous intensity or candle- 
power IJ and may be expressed as: 
limit 
i D- 
Do x 
Let us now consider a line source of light radi- 


ating according to the cosine law (see Fig. 1 


a 








t 


Figure 1. Long line of light source. 
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Let LL line source of light 
B luminance or brightness of source 
A area of source 
I, = luminous intensity perpendicular to 
source 

I B x A 

A element of surface at 
The luminous intensity of a surface element nor 
mal to the source is Al BAA 
luminous intensity due to a 
Al,c08a BAA 


Llowever. Ih the 
direction of S, the 
surface element at L is only Ala 
The illumination at S produced by AA is 
AlacosC Sl Pe 


but LS 


LS 
Al COS" a 


Po 
COS” a 


Al,cos* a 
o.2 

That portion of the illumination at S contributed 

a surface clement at ZL is lesser bv the factor 
‘a than the value that would be included if the 
ple inverse square law was used 

fore, the illumination as caleulated by the 
ple inverse square would be too large and must 
corrected if it is to agree with the illumination 
measured by a cosine corrected photometer 

at S 

Yamanouti* has developed correction factors C 
for simple geometrical shapes radiating according 
to the cosine law, the corrections to be applied to 
the illumination at a point S as caleulated by the 
As may 


simple inverse square (see Figs. 2 and 3 








Figure 2. Uniformly radiating cylindrical light source 
with length 2h and radius a. 
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Figure 3. Corrections C to be applied to illumination at 
point S as calculated by simple inverse square. 


be seen, correction curves have been plotted for 
cireular cylindrical sources of different shapes and 
sizes for different ratios of a/h in the direction 
z 0. The formula for the ealeulations is as 
follows 

p  2hn 


a tan 
lah-sind 


2) —h)?*+ (re+a)? 


where M1 . > 
(2o—h)?+ (m—a) 


(go +h \*+ (rota 


and 


(2 a 4+. (r.—q)* 


If we may make the assumption that the diffusing 
eylinders are similar in light output distribution 
to a CIE general diffuse fluorescent luminaire, we 
ean perhaps begin to see a reason why some pho- 
tometric laboratories report a higher caleulated 
efficiency fer four-foot fluorescent luminaires than 
for eight-foot luminaires of the same cross section, 
when the candlepower distributions are measured 
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in each case at the recommended test distance of 
five times the maximum dimension of the luminaire 
(D/L = 5). It also begins to become apparent that 
the distance from the source at which the inverse 
square law begins to be applicable depends not 
only upon the size of the source and the precision 
required, but also upon the shape of the source. 

At present, there seems to be available two dis- 
tinct types of extra high output fluorescent lamps 
—those having circular cross sections® and those 
with non-cireular cross sections. However, both 
operate on the same physical principle that the 
most efficient operation of fluorescent lamps is ob- 
tained at a mercury vapor pressure of about 6 to 
10 microns, which is the vapor pressure of mercury 
between 40° and 45°C. 
determined by the coldest spot on the bulb wall. 


This mereury pressure is 


In the operation of conventional lower-loaded 
fluorescent lamps (HO) of cireular cross section, 
the coldest spot of the lamp is usually the bulb 
wall at approximately the lamp center. 

The extra high light output of the circular cross 
section type of EHO fluorescent lamp is obtained 
by the use of circular heat reflecting shields mount- 
ed between the filaments and lamp ends. The 
purpose of these shields is to prevent radiation 
from the heated filaments from striking the bulb 
near the bases, and to break up convection currents 
in the heated gas about the filaments so heat is not 
carried to the ends of the lamp. This effectively 
gives a cool chamber at each end of the lamp in 
Bulbs for 


these lamps are generally of the T-12 size 


which excess mercury may condense. 


The other type of extra-high-output fluorescent 
lamp currently available utilizes a T-17 grooved 
type bulb. For control of mercury vapor pressure, 
the improved version of this lamp* has one specially 
constructed groove on each side of the tube near 
the center of the lamp. By providing cooling 
pockets, these grooves regulate pressure, regard- 
less of their orientation about the long axis of the 
lamp. However, best performance is said to be 
obtained with the grooves oriented sideways. It 
is important for cool areas to be present near the 
center of the lamp, where mercury prefers to 
collect for reasons other than temperature differ- 
ences, as a result of electrophoresis effects. 

Initially, in extra-high-output fluorescent lamps, 
the drops of mereury are distributed randomly 
throughout the lamp. For initial stabilization, the 
time required for the excess mercury to migrate 
to the coldest bulb wall spot may be 24 hours or 
more. However, providing the lamps are not dis- 
turbed in any manner, restabilization, the next 
time the lamps are started, may require as little 
as 30 minutes. 

Obviously, the operating position for proper 
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stabilization of extra-high-output lamps is horizon- 
tal, to enable the excess mercury to condense out 
in the designed positions. However, it should be 
pointed out that light output and electrical values 
may become constant, that is, the lamp may sta- 
bilize in other positions or orientations but the 
light output may not be the same as for the designed 
position. The term ‘‘conditioned’’ has been pro- 
posed for extra-high-output-lamps when stabilized 
in their normal end use position (horizontal 
When extra-high-output lamps are used in com- 
pletely enclosed luminaires, such as street lights, 
the end portion of the stabilizing period may occur 
in a few minutes and be accompanied by a sudden 
rise in light output and lamp voltage. In addition 
to orientation, these lamps are extremely sensitive 
to temperature changes, drafts and mechanical 
agitation. Also, lumen maintenance curves do not 
seem to show any indication of leveling off but 
rather a more or less steady drop during lamp life. 
It appears, therefore, that the usual recommended 
seasoning period of 200 hours’™ is sufficient for 
this type of lamp. EHO lamps operated in series 
from the same ballast do not always necessarily 
stabilize at the same time. The drops of excess 
mereury which condense out in these lamps show 
some tendency to adhere to the inside lamp coating 
In constructing a photometer, or more strictly 
speaking a goniometer, for the satisfactory han- 
dling of luminaires using extra-high-output lamps, 
the principal requirements appear to be as follows: 
1) The luminaire at all times must be main- 
tained in its normal burning position (horizontal 
2) If the conditions are such that the luminaire 
must be moved, instead of the photocell, to obtain 
the candlepower distributions, then mechanical 
motion must be sufficiently slow, smooth and free 
of sudden starts and stops that the excess mercury 
in the lamps will not be displaced once the lamps 
have stabilized. 
(3) The temperature of the photometric labora- 


1°F and the 


environment should be as draft-free as possible. 


tory should be maintained at 77°F + 


Normal indoor rates of air movement are one to 
three miles per hour. Minimum perceptible draft 
is approximately one mile per hour. 

If one is permitted to start from the beginning 
and design a new laboratory. the solution of the 
above problems may be relatively simple. How- 
ever, in the authors’ case, it was desired to accom- 
plish so-called point source photometry for lumin- 
aires up to and including eight feet in length, main- 
tain the luminaire in normal operating position, yet 
make the installation in a twelve-foot ceiling height. 


This imposed unusually severe restrictions on the 


mechanical design of the goniometer. It is obvi- 
ously impossible in this case to suspend an eight- 
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Vertical distributions through different horizontal 
angles may be made by rotating the luminaire 





laterally about a vertical axis at G. The scheme of 
construction is also illustrated by Fig. 5, which 
shows the mirrors at nadir viewing the luminaire 
at zero degrees vertical angle, and Fig. 6, which 
shows the mirrors at zenith viewing the luminaire 
at 180 degrees vertical. The construction is further 
clarified by Fig. 7, which shows the rollers upon 
which the goniometer rotates. Fig. 8 is a view of 


the goniometer including one of the photocell 
screening boxes, the constant speed motor drive, 

control panels, ete. 
The photocells at P2 and Ps are of the barrier- 
Figure 4. Optical ray trace for photometer. layer type and, ordinarily, due to the optical 
design of the goniometer, each cell views one half 
of the 


stances, particularly in the case of parallel-to-curb- 


luminaire. However, in certain circum- 


foot luminaire from the ceiling and make candle 


power distribution measurements all about it at a mounted fluorescent street light, the illumination 


t of forty feet. Likewise, because of on the two cells may be unequal and there are times 


est distance 


clearances involved, it is not possible to utilize a when one cell may not be illuminated at all. In all 


single mirror by methods already in existence.* these cases it has been shown that when the cell 


However, since adequate horizontal space was avail outputs are connected in parallel the response of 


able, it was possible to utilize two mirrors in such the cell array is essentially correct.’ 


manner that the luminaire image is accurately If luminaires utilizing EHO lamps of circular 


split into two parts. This is best illustrated by the eross section are to be photometered, the relative 


ray trace of Fig. 4. Referring to this illustration, method of photometry may conveniently be em- 
consider the axis of a luminaire of length L to be In this case, it is probably best to check 
iB and the photocell to be 


D of five times the lumi 


ploy ed 


represented by the line the individual test lamps for their lumen/candle- 


locate d at P,., a distance power ratios because of the dark end zones rather 


naire length away. If two mirrors M, and Mz are than trust the 9.25 ratio’ commonly used for 


Set at forty hive degrees to the photometer axis of lower loaded fluorescent lamps. Fig. 9 shows the 


rotation P. P 
becomes AEP 
of BP 


pivots cd about the axis 


, as shown, then clearly the ray trace 
GHP and BF Ps, GHP, instead 
The ll il the 


1B and at the same time its 


luminaire is freely 


; 


position In space Is maintained the same relative 


to the mirrors, if th assembly is rotated 


calibration rack in place on the goniometer where 
the luminaire would ordinarily be suspended. It 
is best to determine the position of the lamps about 
their own axes when installed in the luminaire and 
then transfer them to the calibration rack as care- 
fully as possible without tilting or rotation about 


whole 
s possible to make vertical 
ut the 


lamp axes in order not to disturb the distribution 


Fig. 10 


about the axis P. P 


candlepowet tributions ab luminaire of mereury once the lamps have stabilized 


Figure 5 (left). View from one 
photocell position showing lu- 
minaire on goniometer with 


mirrors at nadir. 


Figure 6 (right). View from 
one photocell position showing 
luminaire on goniometer with 


mirrors at zenith. 
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- ” , . , 
Figure 7. View showing goniometer mount- 


ed upon its drive rollers. 


is another view of the calibration set-up showing 
the lamps being energized from the ballast in the 
luminaire to be photometered. One of the photo 
cell screening boxes is seen in the background 

non-circular 


If luminaires utilizing lamps of 


cross section are to be photometered, the direct 
method of photometry may be employed conven! 
ently, particularly if a photometric integrating 
sphere is available. The position of each test 
lamp in the luminaire about its own axis is noted, 
then each lamp is carefully transferred in this 
position to the integrating sphere and lumen-rated 
while operating from its own luminaire assigned 
connections. 


ballast The photometer is then cali- 


Figure 9. View of calibration rack in place on goniometer. 
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Figure 8. 
box, constant speed motor drive, control panel, ete. 


View of goniometer including one photocell screening 


brated in candlepower per division by using stable 
fluorescent lumen and/or candlepower standards 
of the same color as the test lamps, these lamps 
being mounted in the calibration rack 


An alternative procedure to the so-called point- 


source photometry described above for luminaires 


utilizing EHO lamps has been proposed to the [ES 
Committee for Testing Procedures by one of its 
members.'' This is as follows: 

1) Mount the luminaire in its normal mount 
ing position (as specified by the manufacturer). 
The room should be as black as possible with 
nearly zero internal reflections. The unit should 


have a clear space be low of 12x 12 x 12 feet for a 


Figure 10. Calibration set-up showing lamps 
energized from test luminaire ballast. 
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2 
° 


RELATIVE CURRENT OuTAUT 


*cosgine” CURVE 


e 
° 


edsing CORRECTION 


FILTER 


ANGLE Of INCIDENCE 
io” 20° x» 40" 50° 60° 
Figure 11. Curves illustrating degree of cosine correc- 
tion of barrier layer photocell used in tests. 


direct unit or 12 x 12 x°12 feet above for an 
indireet unit 

2) Control the ambient air temperature to 25°C 

}) Operate luminaire at rated voltage until the 
output is stable 

4) Consider that the unit is at the center of a 
10-foot radius sphere. Arrange a shielded cosine 
orrected photocell to rotate in a vertical plane on 
a 10-foot radius through the 
Thus ‘‘A”’ 


oS" 4 degrees 


center of the sphere 


perpendicular), ‘‘B parallel), and 
plane vertical traverses can be 
Note: The unit 
is turned in its normal mounting position to the 


i, B, and C 


>) Determine the average illumination (in lu 


made on the surface of the sphere 


planes 


mens /{t.- on the surface of the sphere at 5, 15, 


8D 175 degrees 


Compute the total 
flux in each zone. (flux illumination < area of 
zone on sphere Add up the total zonai flux 
luminaire output 

6) Repeat 1-5 for the bare lamps. This gives 
lamp input 


a luminaire output 
Efficiency 
lamp input 


8) Zonal flux is obtained from Step 5. Use this 
directly in A, 
%) Zonal candlepower, / 


for distribution curves is obtained by 


calculations 
average), if needed 
standard 
formula 

Zonal flux (known) = 


The above procedure is entirely accurate within 


zonal constant (known) 


the limits of zonal averages for determining effi 


ciency. It may (or may not) give slightly different 
values of J,,.. than the standard procedure using 
a 40-foot test distance (for an 8-foot fixture). The 
latter is unimportant since the zonal flux values 
are more nearly those found in practice wherein a 
10-foot distance is more representative than a 40- 
foot distance in interiors.’’ 

It was felt that a comparison of this method 


with the one used by the authors was in order. To 
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this end, fluorescent luminaires were photometered 
at the recommended test distance of five times 
luminaire length’ with a non-cosine corrected 
photocell and also at a distance of 1.25 times lumi- 
naire length (D/L 
photocell as recommended above. 


- 10/8) with a cosine-corrected 
The degree of 
cosine correction for the ‘ell used is shown in 
Fig. 11. The results are shown in Table I. Ex- 
amination of the data in Table I shows that candle- 
power values at nadir and zenith are lower when 
1.25, but 


that the luminaire efficiency is approximately the 


the luminaire is photometered at D/L 
same in both cases, which is as expected.'*.'* 
Tables of Coefficients of Utilization were pre 
pared for the luminaire photometered at both 
D/L 5 and D/L 


in Tables II and III, respectively. 


1.25 with results as shown 
In general, the 
coefficients for the larger room ratios tend to be 
slightly higher for the luminaire photometered at 
DIL 1.25 


cients out to three places to clearly see this trend 


It was necessary to carry the coeffi 


Since an Interflectance Room of limited dimen 
sions was available'’* the coefficients of utilization 
for four-foot fluorescent luminaires photometered 
at distances of five feet and 20 feet were checked 
out. The size of the room was 9 by 9 feet with 
ceiling adjustable from 9 to 11 feet above floor 
Accordingly, data were taken for four luminaires 
in standard array suspension mounted at one-third 
the distance from the ceiling to the work plane.” 
Footeandle measurements were made using the 
cosine corrected photocell on a plane 30 inches 
above the floor." The ceiling, walls and floor were 
coated with flat neutral paint of reflectances as 
tabulated in Table IV, all reflectances being meas- 
ured with a type of reflectometer which has been 


6 


described in the literature.’"®° Measurements were 


TABLE I. 
D/L 5 D/L = 1.25 


Average Average Average Average 
Candlepower Lumens Candlepower Lumens 


Vertical 
Angles 


1467 
1466 
1452 
1371 
1153 
862 
564 
17 
152 
60 
74 
139 
189 
1036 
1206 
1294 
1333 
1327 
1309 
1312 


Luminaire Efficiencies 
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taken while the ambient temperature was 77°F + 
1°F. Results of a typical set of data are shown in 
Table LV. These results show that the trend is for 
the I room with 11-foot ceiling height( measured 
footeandles) to check more closely with the eal- 
photo- 


from the luminaire 


and for the H room with 


culated footeandles 
metric test at 20 feet, 
9-foot ceiling height (measured footeandles) to 


check more closely with the calculated footcandles 


TABLE 11—Coefficients of Utilization Calculated from Photometric Results of Luminaire 


for the luminaire photometric test at 5 feet, which 
is to be expected. 

Regardless of what test distance is used in pho- 
tometry of fluorescent luminaires, the goniometer 
described in this paper will facilitate candlepower 
From the test data 


distribution measurements. 


presented, it appears that shorter photometric test 


distances utilizing cosine-corrected photocells may 


be satisfactory for interior installations where 


Tested at DL 


APPLICATION ENGINEERING DATA 


59 


10 
70 50 


30 10 50 30 


COEFFICIENTS OF UTILIZATION*® (> .00!) 


184 166 214 
50 212 


62 


TABLE I11—Coefficients of Utilization Calculated from Photometric Results of Luminaire Tested at 


APPLICATION ENGINEERING DATA 


Distri- Floor 
bution Refl. % 
Ceiling 
Refl. °/, 
Wall 
Refl. °%/, aad 
Room Room 
| Ratio Index 


*, Bare 
Lamp 
. 


0.6 

C-1E % 0.8 

Luminaire v0 
‘ 


694 
— 


- 


approved IES Method 


Per Cent 
Reflectances 
Ceiling, Walls, Floor 


50 


50 
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10 


70 


30 10 50 


COEFFICIENTS OF UTILIZATION*® (> 


Calculated 
Average 
Footcandles 
Measured 
Average 
Footcandles 


Luminaire 
Photometered 
at 20 feet 


Luminaire 
Photometered 
at 5 feet 
150.8 


186.0 


155.3 


186.5 
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luminaires are mounted at a distance above the 
work plane equal to their own length or less. For 
luminaires mounted at greater heights, a photo 
metric test distance of five times the luminaire 
length may be preferred 


The authors wish to thank Al Goetz and John 


Guy, who designed the steel work wr the goni 


who furnished valuable 


ometer and W H. Johnsor 


advice 
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the zonal flux measurements 
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the flux emitted from the luminaire and from the lamps 


The receiver photocell must have a cosine and a ¢ LE. eolor 


response and the interflections must be substantially zero 
within the test enclosure 
The coefficients of utilization ealeulated from the short 
listanee zonal flux measurements will differ slightly 
hen compared with the values computed from the long 
est distance values. The differences generally occur in the 
third significant figure and are in the order of one per cent 
maximum The short test distance calculated values have 
been found to agree very closely with measured values 
More data on other luminaires with varying distributions 
will soon be forthcoming from the University of California 


laboratori in Berkeley Preliminary data show excellent 


nia, Berkeley, Calif 
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agreement in the efficiency measurements, as expected. 
It is hoped that more photometrists will try the short test 
distance method and that this simplified procedure can be 


adopted in the near futur: 


R. L. Surra:* The authors have developed a photometer 
possessing mechanical and optical nicety. The feature of 
being able to vary D/L is desirable especially for research 
problems such as those described 

The correction curves in Fig. 3 are all for 2 0. Curves 
for other values of 2. would be interesting and helpful. I 
do not have access to the original paper of Yamanouti. How 
ever, when using values of 2. not equal to zero, I obtain 
unreasonable values of C, indicating that typographica 
rors are present in the formula The Yamanouti cylin 
does not resemble lighting units for which I have theoretica 


mments are based on 


and test data. Consequently, my 
Own experience 
In testing an extended light source it is general 
to take candlepewer readings various vertical 
a number of lateral planes 
character of the distribution 
planes is used in the calculation 
the test distance is D,. this amounts 
surrounding the unit of maximum length / 
radius D,. If the ratio of D,/L is small, the 
ecandlepower on the inside of this sphers 
from that or 
However, the 
radius D, sho 
of sphere of di D 
temperature, voltage, « 
tion of candlepower may 
degree zones used for " iting the coeffi 
tion The data given bw the ithors indi 
distribution of flux is not too 
We have found in testing a 
cent unit at 10 feet and again 
little difference in the distribution 
sponding 10-degree zones even thor 
eell was not used at 10 feet 
In other words, the geometry is such that ¢ 
above and below the 100 per cent values as the vertical 
lateral angles change. With this compensating effect, if fiv 
or more planes are taken, the average candlepower curve at 
either D,/L or D/L should give practically the same output 
For some time laboratory men have been concerned over 
the application of photometric data taken at larger dis 
tances than the mounting height above work plane found in 
the actual job. The authors’ data tend to dispel this concern 
While the larger values of D/L may not be important for 
extended fluorescent sources, as pointed out by the authors, 
there are places for the larger values in testing of street 
or floodlighting equipment where the accurate measurement 


of angle and candlepower at that angle are required 


E. H. Savtrer:** I have seen and have been duly impressed 
by the authors’ goniometer built to provide, under existing 
limitations of ceiling clearance, for the distribution photom 
etry of luminaires in their normal burning position. This is 
a real accomplishment. 

I am interested in the comparative data covering an IES 
test run with this equipment and a test run under the 
proposed test conditions submitted by Professor Finch to 
the IES Testing Procedures Committee. It is not unexpected 


*Holophane Co., Inc., Newark, Ohio 
**Electrical Testing Laboratories, In¢ New York, N. ¥ 
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that the eandlepower distribution curves are somewhat dif- 
ferent, since in the latter case ‘‘apparent candlepower’’ is 
obtained as against ‘‘true candlepower’’ in the LES test. 
There is, however, no reason why the luminaire efficiencies 
should be different in the two cases, other than that the 
two tests were made by different procedures. After all, effi 
ciency should be a fixed quantity except for measurement 
errors and differences in luminaire assembly between the 
two tests 

When the results of these two tests are used to compute 
itilization, the influence of differences in 


coefficients of 


eandlepower distribution (or zonal lumens) would be great 


est for the small rooms (I and J rooms whereas the in 
fluence of differences in efficiency would predominate in the 
large rooms 4 and B rooms When these coefficients of 
itilization are examined in this light, it is seen that there 
s no sign ant difference for the small rooms and that the 
ratio between coefficients for the two test conditions for the 
large rooms is essentially that of the ratio between eflficien 
cies obtained from the two tests. Had the two tests yi Ided 
identical values of efficiency, the coefficients for the two 
eonditions would have been essentially alike Unless tests 
orter test distance will consistently yield 

etTheiency than tests at the presently pre 

distance, it would appear that data from 

ing procedure will yield coefficients of 


identical with the established testing 


has been considerable concern 


mong photometrists ov the problems of measuring these 


heavil ded lamps As in the authors’ ease, lack of suffi 
the photometer room has been the main 
| o be done with mirrors. The authors’ 
ition is most ingenious, and appears to conform to the 


requirements they have isted 


The ¢ lamp operating temperature, drafts, and 


movements of the lamp about its axes all have to do with 
the amount of mereury in the are stream, hence the mer 
ury vapor pressure 


watts and light output. Lest users 


become alarmed complexity of this combination of 


factors, it needs to be mentioned that the resulting change 
in light output w probably not exceed 5 per cent under 
iny ordinary indoor operating conditions. As for lamps 
with non-circular cross section, changes in mercury pressure 
result in corresponding changes in are voltage and wattage, 
so that if the light output goes down, the power consumed 
has decreased likewise, and lamp efficiency is substantially 
unaltered 

The changes in light output, therefore, are of concern 
chiefly to the laboratory responsible for accurate measure 
ments of the amount of light. 

Laboratory people who are interested should be aware 
that initial stabilization is not a matter of so many hours of 
burning, but rather a process of watching the output until 
it reaches stability. It would be good if the 200 hours of 
seasoning were performed with lamps in the horizontal 
position in which they are to be used in the ' boratory. 

The authors emphasize that the goniometer should move 
smoothly and steadily so that the translation of the lamps 
and luminaire will be effected without disturbing the dis 
tribution of mereury in the lamp. An engineer who assisted 
in preparing this discussion felt that it should be men 
tioned that this refers to a freely suspended luminaire, 
always hanging in the usual operating position. If a lamp is 


General Electric Co., Cleveland, Ohio 
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sults in a minus error at nadir and 85 degrees, a maximum 


within 35 degrees above and 


plus error (about 12 per cent 


horizontal and a return to a minus error directly 


All of 
total 
With a 


below 


overhead these errors tend to eancel each other out 


eflicieney and coefficients of utilization are 


so Tar as 


concerned luminaire having more output at higher 
self-eancelling and the short 


Further, 


the errors would not be 


ingles, 


ened test distance would result in greater errors 


ire calculated from candlepower, 


the 


sim iverage brightnesses 


the brightness data would show the greatest error in 


zone where accuracy would be the most desirable 


er comparisons of this sort would be 


helpful in de 


whether a test distance can be justified 


shortened 


that work was being done on 


the 


I was aware 
authors 
faced 
40-foot lab 
stability of the 


wheel’ and feel that 


photometer 


i major contribution. The problems they 


ind although one may have a 


the question of burning 


important and ofter ute 


ze from the photographs how th 


works with the luminaire mounted 


igre There is a point which is 


ind that is as to how the 45-degre« 


there is 
the 


Apparently, 


at 90 degrees to 


is not clear 


three methods are interest 


iriations shown are all within 
> 


this 


type of photometry + 
of EHO lamps of the T-12 
and 45 
lamps do not 
With 


and 


m burned in vertical 


isymmetric have 


marked degree the lat 


t the 45-degre« vertical 
these 


of 


preciable error where 


seconds (after recalibration 
instruments 


orreet 


the 


manouti ¢ ion « one verv seldom used 


however iuthors show the possibility dis 


foot vs eight-foot versions of the same 


imin uld be borne in mind that a great many 


uminaires «do possess the cosine distribution assumed 


Yamanouti depart quite widely from this assump 


It would interesting to see what departures were 


with such typical distributions as those found 


cent and indust-ial unit 


up 


S The authors are to be commended on their 


which should serve for the luminaires 


testing of 


iv fluorescent souree This design should be care 


cousidered t invone faced with the 


problem of build 


ng luminaire test facilities for highly-loaded lamps 


One point 


While it is 


in connection with this design should be made 


not necessary that the two cells receive equal 


lumination during the test, it is necessary that the two 


result 


the 


equal sensitivity Otherwise, an error will 


is proportional to the ratio of the illumination on 


ells and to the ratio of their sensitivities. I would 


that within 


checked 


for 


that 


suggest the cells be matched sensitivity 


perhaps two per cent or better, and they be 


for match at intervals 


In connection with testing at the usual ‘‘ five times’’ dis 


tances, it should be noted that other shapes than circular 


eviinders will show similar correction curves to those ir 


Lighting. Ime Mo 
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Fig. 3 This indicates that when the length-to-width ratio will be happy to see the results of his forthcoming data on 
other luminaires with various light distributions. 


less than about 4:1, important errors may 
Mr. Smith’s remarks, we highly recom 


test distance However f the With reference to 
the same mend the Yamanouti paper, as the 
only to evlinders but also 


of a luminaire is 


hive- times 
various formulas are 


result even at a 
equipment is ealibrated with the bare lamps in 
pattern as they occupy in the luminaire, the same error will ite general and apply not to 
source, circular are, disc, sphere, and re 


le present in 


therefore be canceled point source, line 
ular plate which might simulate a troffer with flat 


somewhat difficult to obtain, 


the calibration, and will 
reason, Tor exXampit x 
sweecurate curves on four-b igh bottom closure The paper 
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yr Societies Library in 
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Washington, D. C., and the Engineering 
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juipment is calibrated one imp at a time, this 


be canceled, and can e of major importance New York City 
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lamps of circular cross section than 


out that the same 


if the souree were a luminous dise instead of a line 


with Mr. Jones’s remarks 


regard to Fig. 11, i 
of 10 feet, the half-angle subtended by tl 
the photocells. Our 


at a distance 
the matter of matching 


a considerable bonus for care 


minaire at the photocell is of the order of 22 degrees Fig concerning 


ll shows that the difference of 
ed photocells is quite ma ne 


photocell supplier was paid 


response between cosin 
! fully selecting and matching the cells used in the new pho 


corrected and uncorre 
make much difference in test results We also found the photometry by conventional 


to the short 


tometer 


should not 

Professor Finch’s remarks with regard methods of luminaires utilizing EHO lamps of non-circular 

distance method of testing are greatly appreciated cross section to be fairly satisfactory, but for lamps of 
circular cross section the results were unsatisfactory 


Authors 
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Photometry of 


Low-Mounted Linear Sources 


| RESENT outdoor lighting techniques speci 


fy luminaire characteristics in terms of candle 


power, but candlepower curves are useful only if 
the illuminated surface is perfectly diffusing and 
is at a great distance from the source. For many 
applications, the illuminated surfaces are too close 
for the inverse-square relation to hold and are im 
perfectly diffusing. Candlepower specification in 
such cases is essentially meaningless 

In outdoor lighting studies, the photometric 
specification of the luminaire should be sufficient 
to provide complete information on 

a) Appearance of perfectly diffusing surfaces, 

b) Appearance of imperfectly diffusing surfaces, 

ce) Visual effect of luminaires 

Candlepower is a satisfactory concept for the 
caleulation of the appearance of perfectly diffusing 
surfaces—if they are kept sufficiently distant from 
the light source. If the luminaires are very long 
and are mounted close to the ground, however, the 
appearance of even a perfectly diffusing pavement 
eannot be caleulated from a single candlepower 
curve 


A tually 
outdoors are not perfectly 


most of the surfaces to be illuminated 
diffusing. Dry pave 


nre t hie mise lves quite glossy As pointed out 


by Spencer and Peek,' errors of several hundred 


per cent can readily be introduced if dry pavements 


illuminated by low-mounte iorescent luminaires 
diff 


are 1 using surfaces 


For wet still larger discrepancies are 


to be expect t j oped that the work of Finch 


and others ventually culminate in an ade 


quate specification of the reflecting characteristics 
of imperfectly diffusing surfaces. When such data 


f 


are available, a candlepower specification of the 


luminaire will not permit th appearance of the 
surtaces to é aleulated One must know how 
light appears from any direc 


solid angle subtended 
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By DOMINA EBERLE SPENCER 
Cc. EDWARD KOWALSKI 


Important for the future development of quality 
in outdoor lighting is a specification of the visual 
effect of the non-uniform surround. Rex* has re 
cently applied both comfort and visual acuity data 
to the analysis of nighttime driving conditions. The 
comfort approach has been developed from the 
experimental work® of Guth, Putnam, and others. 
Blackwell® has also applied his research to outdoor 
lighting conditions. The relative visibility (delos)* 
approach has been used' for visual conditions on 
runway and turnpike. Irrespective of how the 
visual effect is analyzed, it cannot be based on a 
single candlepower curve. What the eye sees is not 
candlepower. Visually significant photometric speci 
fications are needed 

This paper studies the photic field of a low 
mounted fluorescent luminaire and develops a 
simple yet visually significant method of defining it. 
There is hope that the method suggested here may 
be extended to a large family of outdoor luminaires. 
A minimal set of laboratory measurements are 
suggested. The ways in which the simple concept 


of candlepower may be usefully employed are also 


considered 


Looking at the Luminaire 
The eross-section of the four-foot fluorescent 
luminaire selected for analysis is shown in Fig. 1 


[t contains a 60-degree aperture lamp* whose open- 


APERTURE 


“\, LAMP 
rR ) CUT-OFF PLANE 


. 


REFLECTOR 


Pg 


‘ 


Figure 1. Cross section of fluorescent luminaire. 


ILLUMINATING ENGINEERING 





Figure 2 (left). H,Hy, = 





for the cen- 


ter of the reflector as a function of 


angle 5 below cut-off plane. 


Figure 3 (right). 


Family of vertical 


candlepower distributions measured at 


various distances. 


ing faces toward a reflector. The major part of the 
reflector consists of a parabolic cylinder whose 
focus is placed at the lower edge of the aperture 
The axis of the parabola is horizontal as shown in 
Fig. 1. A beam of light from the aperture will be 
reflected with its upper edge parallel to the theo 
retical cut-off plane. If there were no stray light 
and the reflector were perfectly specular, the re- 
flector would appear black from any point above 
the cut-off plane. When viewed from below the 
cut-off plane, an image of the aperture will be seen 
and this image is nearly as bright as the aperture 
itself 
increased, the width of this image first increases 


As the angle 8 below the cut-off plane is 


rapidly and then decreases gradually 

It will be convenient to define the cut-off region 
as the space between the cut-off plane and the plane 
parallel to the cut-off plane which passes through 
the bottom edge of the window. It has previously 
been pointed out® that below the cut-off region the 
height of the aperture image is theoretically a 
function of 8 alone, while in the cut-off region it 
also depends on the distance at which the luminaire 
is viewed. 

The actual variation of helios 7, (brightness, if 
defined in terms of a converging lightcone) with 
angle 8 is shown in Fig. 2. All measurements were 
taken with a Pritchard meter using a field of view 
of 0.1 degree. A point at the center of the reflector 
was selected and was viewed at various angles 3. 
lheoretically, the curve should be zero for negative 
values of 6 and 1.00 for positive values of 3, rising 
Actually, the 


curve drops to two per cent of maximum five de- 


with infinite slope at the origin. 


grees above the theoretical cut-off plane and has 
attained maximum five degrees below the cut-off 
plane. At 2.5 degrees above the cut-off plane, the 
value is four per cent of maximum; while at 2.5 
degrees below, it is 96 per cent of maximum. Still 
sharper cut-off could be attained if stray light 
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25 
&( 


") 


were further reduced and a more perfectly specular 


reflector were employed. 


Illumination from the Luminaire 


Analysis of the photic field of the luminaire re- 
quires measurements of the illumination as a func- 
tion of 6 at various distances / from the luminaire. 
The reference point, with respect to which J is 
measured, was taken at the lower edge of the 
aperture of the lamp and midway between the ends 
of the luminaire. Measurements were made at l 
2 feet, 5 feet, 10 feet, 20 feet, 30 feet, and 40 feet. 

It is well known that candlepower is defined, in 
an exact sense, only for a point source. In an 
operational sense, however, apparent candlepower 
may be defined at any distance by measuring the 
magnitude of the radial component of the D vector 

lumens per unit area received at the point) and 
multiplying by the square of the distance. In this 
way apparent candlepower, with respect to an 
arbitrarily chosen ‘‘center’’ of the luminaire, may 
be defined at all distances for any luminaire, no 
matter how large. This apparent candlepower will 
not be a constant but can be expected to vary with 
distance 

Fig. 3 shows relative candlepower I/Imaz as a 
function of distance / and angle 8 for the vertical 
distribution in the plane perpendicular to the cut- 
off plane. The candlepower curves at 30 and 40 feet 
are practically indistinguishable, but at 20 feet, 
the peak value has fallen by two per cent, at 10 
feet by five per cent, at 5 feet by nine per cent and 
at 2 feet by 29 per cent. These discrepancies occur 
for the vertical candlepower distribution on the 


plane of 


symmetry. Much larger discrepancies 
occur in the lateral distribution. 

Thus, we can conclude that a single vertical 
candlepower curve will specify the illumination to 
within two per cent only at distances of 20 feet or 


more. If the luminaire is mounted 2 feet from the 
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pavement and is being used to floodlight a roadway calculated from Equation (1 To facilitate caleu 


ations, an IBM 650 was employed. The problem 
10 


1) feet wide, a singlk andlepower curve will 


specify illumination correctly in the most distant of computer programming ts discussed elsewhere 


affic lam but becomes sienificantly iy error mn ig > shows the effer tive height of the equiva 


f the three lanes. Isolux curves based on a lent rectangular source as a function of 8 The 


} 


ingle candlepower curve will exhibit poorer uni ordinate is expressed as h/R, where R is the radius 
formity than is actually obtained \ccurate pre of the lamp. In this example, R 0.75 inch. The 


hetions of illumination can nad however, if resulting curves become identical below the cut-off 


} 
| family of ve rtical and lateral and ower ¢ revion, as predicted theoretically - From the fam 


is employed ily of candlepower curves of Fig. 3, a single curve 
of effective height has been obtained. Use of a 


Equivalent Rectangular Source ' 
single curve to identify the luminaire character 


‘ 


The traditional specification of ; ninaire | : , 
i ona p i ! i luminaire by istics in the region below cut-off is possible—if this 
single candlepower curve has the advantage > : 
ao ee :, na ie advantage of is a curve of effective height of an equivalent reetan 
sroplhlecity. Some of this simplicity can be retained : 
‘} v ' I ' , ae gular source and is emploved hn conjunction with 


f the fluorescent luminaire is specifie an , ‘ 
pecified , , the standard rectangular source formula.® 


equivalent rectangular source whose height and , 
! ; —— - . hetg - Another interesting result is that the curve of 


‘ 


\\ sath may be ranetione of angle h/R vs & could be obtained from the standard can 
Pig. 4 shows the ema and its equivalent re« dlepower measurements at 40 feet. Measurements 
tangular source. For convenience, the dimensions at other distances are not needed to specify the illu 
hand w are measured in a plane pr rpends ular to mination below the cut-off region. Similar proce 
pele he Phiews esse cg Be ni oo dures can be extended to lateral distributions 


the well-known rectangular source equations,” the The equations used to calculate D at points other 


value of D fro a known rectangle of helios . » 
_ D from a known 1 lios H than the plane of symmetry, but in the plane of 


D | maximum candlepower in the vertical direction are’ 


dD h 
(tan 
‘ . | h- 


“ 
This equation apples to the vertical distribution in 
the plane of symmetry 
Krom laboratory measurements, D and / are 
found. The width w of the image of the aperture 
as viewed from the plane of symmetry was meas 
ured at 20.6 inches. If H taken as a constant, 


l H then the effe ele h ean be 





Figure 4 (left). An equivalent 


rectangular source. 


Figure 5 (right). Height of 
equivalent rectangular source as 
a function of angle 4 below cut- 
off plane. 
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Figure 6. The widths of the equivalent 
rectangular sources: (a) If point P is 
opposite the luminaire; (b) If point P 
is beyond the end of the luminaire. 














if the point P at which D is to be calculated 6. The maximum apparent candlepower occurs 


posite the luminaire as shown in Fig. 6a an at y 50 degrees and / 2 feet. As W~ increases 

the discrepancy between the apparent candlepower 

dD as measured at 2 feet and at 40 feet increases. Be 

H 2. Lh z yond gy 50 degrees this discrepancy is always 
vreater than 100 per cent 

By the use of Equation 2, the effective width of 

the luminaire was calculated as a function of angle 

Whereas many curves are required to describe the 

lateral distribution of apparent candlepower, only 

one curve is required to represent the effective 

width as a function of angle. The maximum dis 

‘repancies from the single curve of Fig. 8 are about 

10 per cent and are believed to be caused by inac- 

curacies in the experimental data rather than by in- 

herent difficulties with the method of analysis. The 

shape of the curve of effective width as a function 

of angle is caused by the effect of the specular end 

if the point P is beyond the end of the luminaire as caps employed in the luminaire (Fig. 4). For small 

shown in Fig. 6b values of ¥ these serve to slightly increase the ef 

Measurements of the lateral candlepower distri fective length of the light source above its value on 

bution were made at various distances from the the axis of symmetry, but for large values of y, 

luminaire in the plane of maximum vertical candle the endeaps serve as louvers and sharply reduce the 

power. These data are shown in Fig. 7 expressed effective width 
relative to the values 7(0 degrees) previously ob By the use of the familiar rectangular source 
tained in the plane of symmetry. The angle wy is equations® and the curves of effective height (Fig 


measured from the plane of symmetry as shown in 5) and effective width (Fig. 8) it is possible to cal 


w)/wiO°) 1%)/10°) 
a } 14-—— 
13+ 
2} 
LF 
Ui 
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Figure 7. Family of lateral candlepower distributions Figure 8. Width of equivalent rectangular source as a 
measured at various distances. function of lateral angle J from plane of symmetry. 
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culate the D vector at any point. Combination of 
the information contained in Figs. 2, 5, and 8 also 
makes possible the calculation of the visual effect 


of the luminaires from any point of view 


Minimum Photometric Measurements 
The type of fluorescent luminaire studied here 
can be completely specified by the following meas 
urements 
1) Hep as a funetion of angle. 


(2) fh and w as a function 


f angle, 
3) He» as a function of temperature 
This specification has the advantage that the quan 
tities measured are suitable for the long-range 
projects discussed in the introduction. The lumi 
naire is specified sufficiently to permit the calcula 
tion of its effect on vision and to permit prediction 
of the appearance of actual pavement surfaces 
photometers are needed: a 
of the reflec 
tor and a meter to measure lumens per unit area at 
10 feet 

For the more restricted objective of calculating 


Only two types of 


meter to measure brightness (helios 


the appearance of perfectly diffusing surfaces, an 
other type of specification may be preferred by 
some illuminating engineers 

a) Vertical and lateral families of I/Imes as a 
function of angles and distance /. 

b) J, as a function of temperature 
The families of curves required in (a) are readily 
ecaleulated from the curves of effective height and 
effective 


powe I 


width, but a family of apparent candle- 
urves must replace a single candlepower 
eurve if the concept of candlepower is to be used 
Peek of 


under W hose di 


In conclusion, we wish to thank S. C 
Sylvania Electrie Products Ine 


rection the photometric laboratory for measuring 


low-mounted fluorescent luminaires has been 


planned and developed. We also wish to thank 


Knut Bouset and L. L. Montgomery of Sylvania 


Electric Products Ine. for aid in laboratory meas 


urements and calculations 
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DISCUSSION 


F. Jones \ great deal of the labor involved in 
calculating lighting levels, by the method described in this 
paper, can be avoided if it is reeognized that the quantity 
is merely the shape factor 


n parentheses in Equation (1 


from point D to the source—the same shape factor that is 
used so extensively in calculations with the luminous analog 
omputer.' These shape factors have been caleulated and 
made available in the form of charts and tables in NACA 


‘*Radiant-Interchange Configuration Fac 


Technote 2836, 


tors.’’= It would be wise for anyone contemplating the use 
of this method to obtain a copy of Technote 2836 which 
permits the calculation of the illumination on any plane at 
iny distance from a luminaire of this sort, so long as the 
helios (brightness) and effective height and width of the 
rectangular source are known, The authors’ Equation (1) is 
configuration P-1 in this publication, 

If these luminaires are installed in a continuous row, of 
such length that they may be considered an infinite strip, 
calculation can be further simplified by the use of a shape 
factor seale of the sort developed by Centeno and Zagustin, 
Reference 1 below. With the effective 
height of this strip known, the shape factor can be deter 


and illustrated ir 
mined with this chart ind the illumination, therefrom, 
caleulated by multiplying this factor by the source helios 
brightness 


Jones, B. 1 Use of Computers in Design and Analysis of 


Luminaires ILLUMINATING ENGINEERING, Vol. LV, No. 7, p. 386 


July 1960) 

2 Hamilton and Morgan Radiant-Interchange Configuration 
Factors NACA Technote 2836, available from National Aeronautics 
and Space Adn stration, Technical Information Division, Code 
BID, Washington 25, D. C 
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that many people are interested in developing more con 
venient ways of employing the fundamental rectangular 
source equations, All of these will be useful in the devel 
opment of more exact photometric procedures. 
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Multilayer and Flexible Single-Layer 
Electroluminescent Lamps 


Eu, CTROLUMINESCENT lamps, because of 
their unique thin, wide area design and capability 
of light emission in all colors of the visible spec- 
trum, have become a subject of increasingly wide 
interest.'"* The practical applications of elec- 
troluminescent lamps are presently limited, by vir- 
tue of the present status of low efficiency as a light 
source, to those areas of low level illumination such 
as instrument and panel lighting, read-out, night 
lights, indicators, displays, signs and a number of 
solid state devices where the electroluminescent 
lamp is one element of a structure in combination 
with ferroelectric or photoconductive materials. 

In the past, the structure of the electrolumines- 
cent lamp has been generally restricted to a single- 
emission layer in a single-lamp unit. The possibil 
ity of superimposing a number of light emitting 
layers of various emission colors upon one another 
to form a multilayer lamp is of interest, not only 
from an academic, but also from a practical view- 
point. Such a lamp would find extensive applica- 
tion in instrument dial and panel lighting as well 
as other applications where space and weight sav- 
ing features are of importance. 

Since a good part of the investigative and de- 
velopmental effort was supported by a government 
contract, it was of prime importance to design 
the multilayer lamp to meet the MIL specified en- 
vironmental conditions set forth in the contract. 

The construction of the multilayer lamp on both 
rigid and flexible base materials required extensive 
effort especially in regard to the flexible lamp 
where prior experience was rather limited. Since 
much of the technology pertinent to the flexible 
multilayer lamp is common to the flexible single- 


A paper presented at the National Technical Conference of the 
Iiuminating Engineering Society, September 11-16, Pittsburgh, Pa 
AutTuors: Westinghouse Electric Corp., Bloomfield, N. J 
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By ROBERT J. BLAZEK 
ROBERT W. WOLLENTIN 
HANS B. BULLINGER 


The development of methods and materials 
for the construction of flexible single-layer 
and rigid and flexible types of multilayer elec- 
troluminescent lamps is described in this pa- 
per. General objectives with respect to struc- 
tural considerations, performance at normal 
and adverse environmental conditions, and 
specific problems encountered in the develop- 
ment of such lamps are outlined. Lamp con- 
struction and individual lamp components are 
discussed with emphasis on base materials, 
transparent conducting electrodes, lead-in 
conductors and methods of sealing lamp ele- 
ments against moisture. Data on effects of 
scattering and absorption of light by individual 
layers of multilayer type lamps on brightness 
of individually operated emission layers are 
presented. 


layer lamp, a discussion is presented here of the 
latter type lamp. This is then followed by discus- 
sions of the multilayer flexible and rigid lamps. 


Flexible Single-Layer Lamps 


The art of making flexible electroluminescent 
lamps, whether of the single-layer or multilayer 
type, is relatively new. Consequently, much effort 
was devoted to the development of flexible struc- 
tures capable of meeting requirements as set forth 
in the contract. The effort included investigation 
of materials to be employed and fabrication tech- 
niques for constructing a single-layer lamp as well 
as determination of the resistance of the lamp to 
MIL Spee. The objectives were that the lamp with- 
stand 500 flexing cycles over a 34-inch radius, high 
temperature, low temperature, high humidity, alti- 
tude and vibration conditions (as specified) with 
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PROTECTIVE BACK 
PRIME COAT 
CONDUCTIVE LAYER 
BUS BAR 
PHOSPHOR 
TRANSPARENT CONOUCTIVE LAYER 
TRANSPARENT BASE MATERIAL 


ELECTR AYER 


Figure 1. Schematic cross section of flexible single- 


layer lamp (drawing not to scale). 


no damage to lamp elements. Other objectives were 
high initial lamp brightness and good maintenance 


of output at 115-volt and LOO-evels operation 


Of the encountered in attain 


Various probl his 


ing flexible lamps that satisfy such objectives. 


three needed special effort for a satisfactory solu 


tion 1) to develop a suitable transparent condue 


tive eoating, 2 to establish adequately sealed 


electrical eontacts that prevent mouture itmgress 


into the lamp and, 


to provid sufficient protec 
tion of the lamp from adverse environmental condi 
high relative | imidity, 04... 


tions, in particular 


) per eent RR HH at 71C 


Flexible Lamp Construction and Components 


Generally speaking prepared in the 


; 


following steps 


a) Vacuum deposition of a transparent con 


ducting material (first electrode) onto the surface 


of the flexible transparent base material, such as 


» plastic sheet whiel if necessary has previously 


heen surtace treated chemically to obtain improved 


adhesion of the conductive coating to the surface 


b C‘overing all but portior of the first 
electrods vitha laver con lof an 


suitable 


entional 


lectrolumin 
plastic di 
tech 


uneoated portion of the first electrode 


escent pl ospnor ¢ mbedds 


; 


electric by means o a ol spray 


nique. Th 


provides for a bus bar type of contact 


‘ ‘ 


¢) Evaporation of a conducting material on 


the phosphor-dielectric layer as under (a with the 


bus bar properly masked. therebv forming a second 


electrode and bus bar type of contact 


d) Application of a. thin preliminiary protee 


tive coating (prime coat by spraying and finally, 


moisture barrier backing 


e Applieation ot a 
material 

Fig. 1 represents a cross section of a single-layer 
flexible lamp constructed as outlined above. Total 


lamp thickness is primarily dependent on the thick 


ness of the base and the backing material, selected 
on the basis of their individual flexibility, flexible 
combined lamp structure 


quality imparted to the 


Lamps Bla ek 


) , 
J ; 
196 Ble rocupimnmesce 


and light transmission. The size and shape of the 
lamp may be arbitrarily chosen or adapted to the 
particular requirements of application 

This type of lamp structure may be made to emit 
light in two opposite directions if all materials em 
ployed are transparent or translucent; however, 
the second electrode generally consists of vacuum 
deposited opaque aluminum, which allows light to 
be emitted only through the opposite transparent 
conductive coating and substrate material. In 
multilayer-multicolor structures, of course, trans 
parent interelectrodes would be utilized exclusive 
ly, and only the back electrode would be opaque 
and refleeting 

Serving as the base material. 0.005- to 0.01-inch 
thick plastic films with low water vapor permeabil 
been These included 


ity have used successfully 


films of high density polyethylene, trifluoromono 


‘hloroethylene polymers and others which were 


emploved successfully in electroluminescent lamp 


structures having stability over the temperatur: 
range of »4C to ROC 

The conductive films were deposited by standard 
vaporization or sputtering techniques in vacuum 
The thickness of the films was controlled by discon 
tinuing the vaporization at a critical d-c electrical 
resistance value as indicated by continuously mon 
itoring the resistance of the film during its forma 
tion. The applied conductive coatings were then 
provided with bus bar materials, e.g 
flashed 


resins 


. Silver paint, 
aluminum or flexible silver-loaded epoxy 
Various transparent conductive coating ma 
terials are applicable as electrodes. These include 
a number of metals such as: bismuth. indium, tin. 
gold 


le layers 


and gold alloy single-layers. Multiple metal 
composed of combinations of gold and 
silver, silver and copper, and composite coatings of 
gold and various metal oxides are also usable. Rel 
atively, best results in respect to light transmission 
and electrical resistivity are obtainable from com 
ferric oxide coatings. This type 


posite gold and 


composite conductive coating was found to have 
about 10 per cent higher transmission than pure 
gold coatings with comparable electrical condue 
Total light transmission of the gold-iron 
0.010-ineh 


polymer 


tivities 


oxide coating plus plastic substrate 


sheet of  trifluoromonochloroethylene 
ranged from 66 to 71 per cent in the green spectral 
with eleetrieal resistivities ranging from 


region 
11 to 500 ohms per square. As bus bar type con 
tact material, the flexible silver-loaded epoxy resin 
is most satisfactory on the basis of superior ad 
hesion properties 


flexible Ni 


meshes may also be employed as the first electrode. 


The application of electroformed 


The mesh is embedded in the surface of the plastic 
heat 


substrate by pressing. Lamps constructed 
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from the embedded optimum mesh size of 250 lines 
per inch which have about 80 per cent light trans 
mission are lower in initial brightness compared 
to lamps incorporating evaporated gold electrodes 
Several 


on a similar composition base material 


difficulties are associated with the use of metal 


mesh intermediate electrodes, in particular, an ex 


treme tendency to wrinkle during handling is en 
countered which results in dark streaks due to the 
variations in dielectric thickness caused by the 
wrinkles and, at best, resultant lamp brightness is 
about 50 to 60 per cent of lamps employing the 
transparent conducting gold film electrode 

The next lamp components, the phosphor dielee 
tric laver, the second electrode, and the prime eoat 
layer are less problematic. Several materials com 
monly employed in rigid electroluminescent struc 
tures are adaptable as the dielectric suspending 
medium in flexible lamps with major concern for 
Both the 


phosphor-dielectric and prime coat layers are ap 


satisfactory adhesion and flexibility 


plied by conventional spray techniques. Some ma 
terials found to be particularly useful are silicone 
alkyd varnish as the dielectric suspending medium 
and ethyl cellulose modified Canada Balsam as the 
prime coat. The prime coat serves as a means of 
protection for the thin aluminum back electrod 
against mechanical damage or attack from other 
materials used in the application of protective 
coatings, ¢.g., epoxy and polyester resins 

Two basically different types of sealing methods 
may be employed to provide protection for flexibl: 
lamps against adverse environmental conditions, 
particularly high relative humidity: 

] Providing protection by application of ade 
quately flexible formulations of suitable epoxy 
resins over the lamp, as shown schematically. in 


Fig. 1, 


adhere additional flexible moisture barrier layers 


or by using thin layers of similar resins to 


to the lamp. Barrier materials such as low water 


vapor transmitting film material were found to be 


useful. In Fig. 1, the protective backing then con 


sists of two components, the barrier material and 


prime coat The two component protective system 
requires curing under heat and pressure at tem 
peratures appropriate for the epoxy adhesive 


2) A 


niques 


method employing heat sealing tech 
Here a moisture barrier layer, preferably 
of the same composition as the base material, is 
placed over the back of the lamp and heat-sealed 
around all edges with temperature-time schedules 
depending on the materials employed. This meth 
od requires a slight modification in lamp construe- 
tion. While epoxy or epoxy/barrier layer pro 
tected lamps may be provided with open bus bars 
as shown in Fig. 1, heat-sealed lamps are provided 


with substrates extending beyond the bus bar and 
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with lead-in conductors protruding through the 
seal line. Connection between bus bars and lead-in 
conductors is made by means of a flexible silver- 
loaded epoxy. Thin copper wires and, in the case 
of polyethylene base lamps, polyethylene coated 
0.001-inch aluminum foil with the polyethylene 
stripped at both ends to provide for electrical con 
tacts have been successfully employed as lead-in 
conductors 

Both types of seals, when appropriate materials 
were used, afforded comparable protection for flex 
ible lamps operated at normal environmental con 
ditions and 115 volts, 400 eyeles for a period of 


1400 


with either type of seal were capable of meeting 


about hours. In addition, lamps provided 
several planned objectives, such as the high tem 
perature test (lamps being maintained for 50 hours 
at 71C 
maintained for 30 minutes at 54C 
affected by 


Distinctive differences in protective quality, 


and the low temperature test (lamps being 

.¢., lamp 
components were not these tempera 
tures 
however, were found when the lamps were operated 
at high relative humidity conditions, ¢.g., 95 per 
cent R. H 
operation showed the complete inadequacy of the 
flexible 
lamps as indicated by rapid deterioration of the 


With 


in less than 48 hours the lamps became inoperable 


Early failure during high humidity 


epoxy or epoxy/barrier layer seals for 


light-emitting layer due to moisture ingress 


In contrast, heat-sealed lamps are unaffected when 


maintained for 120 hours at 95 per cent R. H. with 


temperature cycling from room temperature to 


Heat 


sealed barrier laver protection is, therefore, an im- 


71C to room temperature for five cycles. 

portant factor in providing flexible lamps with the 

desired resistance to high humidity operation 
Further improvement in lamp performance may 


be gained through the use of a flexible epoxy ad- 


800 


TIME (HOURS 


Figure 2. Maintenance characteristics of flexible single- 
layer lamps, green emitting phosphor, 115 volts, 400 
cycles operation in normal environment. 
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hesive between the prime coat and the barrier lay 
After 


pressure, heat 


er before heat sealing the epoxy is fully 


cured under sealing is provided 


around the lamp edges. This method eliminates 


1) enclosure of an air pocket, which otherwise is 
automatically entrapped into the lamp during heat 
sealing and somewhat impairs flexibility character 
istics and enclosure of moisture which, if ap 
preciable, deleteriously affects maintenance of out 
2 shows maintenance 


put. Fig representative 


curves ol epoxy barrier layer protected flexible 


curve A 


curve B 


lamps and heat-sealed epoxy filled flex 


ible lamps incorporating a green emit 
ting phosphor, operated at 115 volts, 400 cyeles in 


normal environment for 1400 hours 


Multilayer Electroluminescent Lamp Structures 


Prior to the development of the present multi 


layer multicolor structure, an experimental typ: 
had be en dev ised W hic h Was a composite structure 
relatively individual lamps 


of thre« transparent 


physically clamped together. The individual lamps 
were constructed of two sheets of electrically con 
ductive glass, cemented together by a thin layer 
of a mixture of epoxy adhesive and phosphor. A 
thin sheet of a high electrical breakdown resistant 
transparent plastic was included to allow high volt 
age excitation 

In the multilayer design, it was desirable to build 


an electroluminescent lamp capable of independent 


} 


colors, namely, red, blue and 


emission in three 


green and in combined emission to yield white light 


for ope ration at 115 volts. 400 veles Another ob 


jective was that each color be emitted from a six 
by six-inch area with a 10 per cent maximum varia 
emitting surface. 


tion in brightness over the light 


High brightness, good maintenance characteristics, 
high electrical breakdown strength, acceptable re 


to MIL specific 


tal lamp thickness 


d environmental conditions 


SIsTance 
and a of 0.075 ineh also were 


desired 


Constructional Designs 


In regard to the design and fabrication of the 
multicolor structures, effort was concentrated in 
those areas where the highest probability of suc 


cess was believed to prevail for meeting the de 
sired objectives in a minimum period of time. Con 
sequently, little effort was applied to the develop 
ment of a segmented multicolor structure of the 
type containing lines or dots of phosphors emitting 
in various colors from a single layer because of the 
unlikelihood of readily achieving lamps with the 
Instead, a multi 


desired degree of uniformity 


layer type of multicolor structure was selected. 
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This structure contained three superimposed emis- 
sion layers composed of green, blue and red emit- 
ting phosphors embedded in plastic, separated by 
light transmitting electrically conductive films 
Obviously, the amount of light transmission of the 
transparent electrodes and upper phosphor-dielec 
tric layers are governing factors for the transmis- 
sion of maximum light output from the lower emis- 
sion layers for a given phosphor and constant di 
electric thickness (voltage breakdown strength 


Intermediate Electrodes 


In rigid multilayer structures four types of in 
termediate electrodes (light transmitting electrodes 


between phosphor layers) may be employed: (1) 


glass with a tin oxide type conductive coating, (2 
electroformed metal mesh, (3) copper iodide and 

4) evaporated gold films. The performance of the 
various types of electrodes is summarized below: 

1) Tin Oxide Coated Glass Electrodes—The ap- 
plication of glass coated with conductive tin oxide 
imposes an immediate restriction on the ultimate 
thinness of the lamp structure dependent upon the 
thickness of the intermediate glass electrodes. Ex- 
perimental models were made using glass, 0.014 
and 0.022-inch-thick, 
both sides for intermediate electrodes and in thick- 
nesses of 0.022 inch, 0.040 inch and 0.125 inch, 


with tin oxide coatings on 


with conductive coatings on one side only, as sub- 
strate 

The major problem in the application of tin 
oxide coated glass intermediate electrodes is to pro- 
vide uniform dielectric thickness. This is especial- 
ly complicated by the warpage of the thin condue 
tively coated glass. The best approach to the solu 
tion of the uniform dielectric thickness problem ap- 
peared to be one whereby the phosphor-dielectric 
layer is formed first on one of the substrates and 
the second conductive glass electrode is applied 
by means of an adhesive with mild pressure to 
straighten the warped glass. This process requires 
an adhesive which is also a good dielectric material, 
since it becomes part of the total phosphor-dielee- 
tric layer. The adhesive must possess sufficient 
bonding strength to prevent relaxation of the 
straightened glass electrodes over the temperature 
range of —54C to +71C and be inactive chemically 
and physically with the phosphor-dielectric layer. 
It is also essential that the adhesive be solvent free, 
since any entrapped solvents would cause early 
loss of brightness during lamp operation. One fur- 
ther requirement is a low initial viscosity in the 
uncured adhesive to minimize the pressure required 
to eject excess material from the bond area. The 
epoxy resins possess most of the necessary qualifi- 
eations and are most applicable. Some others which 
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may be used are adhesives based upon polyesters, 
acrylics, rubber base compounds and synthetic 
resins. 

None of these materials, however, yield lamps 
of acceptable quality in the laminated glass elec 
trode type structure. The use of epoxy resins gen 
erally result in excessive nonuniformity in the 
emitted light and, very often, shorting of the elee 
While more 


success in preventing shorting accompanies the use 


trodes of the middle emission layer 


of heat sensitive adhesives, nonuniformity of the 
emitted light is generally greater than in the case 
of epoxy adhesives. The nonuniformity is contrib 
uted to by the inclusion of air bubbles as well as 
the warpage of the glass. Thus, because of the diffi 
culties encountered in regard to low electrical 
breakdown, electrode shorting and nonuniformity 
in light emission this design is not recommended 


(2) Vetal Me sh Electrodes 


thin electroformed nickel mesh as the intermediate 


The successful use of 


electrode requires special considerations of such 
variables as the ty pe of adhesive to be used, dielee 
tric thickness and phosphor concentration which 
are somewhat analogous to the glass electrode de 
sign deseribed above. The utilization of 250 lines 
per inch, 0.0005-inch thick electroformed mesh pro 
vides optimum light transmission and brightness 
A solvent type silicone adhesive used for applying 
the metal mesh and the application of a 1.5/1 phos- 
phor to silicone-alkyd resin ratio in 0.0008-inch 
dry film thickness yields the optimum brightness, 
breakdown resistance and light transmission in the 
dieleetrie layer. 

To form a multilayer structure, successive layers 
are constructed where each emission layer incor 
porates a phosphor of a different emission color 
and the metal mesh intermediate electrodes are 
common to two adjacent emission layers. Vacuum 
deposited aluminum is used as the back electrode. 
A typical lamp of this design might be one where 
a blue emission layer is foremost (to the viewer 
a green emission layer is in the middle and a red 
emitting layer is in the back. The brightness of 
the layers at 115 volts, 400-cycles operation ob- 
served on experimental lamps of this design were 
of the order of: blue, 0.04 fL;: green, 0.026 fL; and 
red, 0.006 fL. 


which were largely due to a distortion of the field 


In addition to the low brightness, 


distribution caused by the geometry of the mesh 
electrode, two types of nonuniformity of the emit- 
ted light occurred. One was attributed to the pres- 
ence of wrinkles in the metal mesh and the other 


was caused by a ‘‘tenting’’ of the metal mesh when 
applied over small, raised irregularities in the 


phosphor-dielectrie layer. 


(3) Copper Iodide Electrodes—A multilayer struc- 
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Table I1—Transmission of Individual Phosphor-Dielec- 
tric Layers. 


Brightness 
of El Source 
(fl) 

115 volte, 
400 cycles 


Per Cent Transmission 
Red Layer Blue Layer Green Layer 


Color of 
El Source 
61.5 
69.5 
64.0 


ture may be prepared in which transparent con- 
ducting copper iodide is employed as the inter- 
mediate electrodes. In one model, three- by four- 
inch conductive tin oxide coated glass, without bus 
bars and with a resistivity of about 200 ohms per 
square was used as the substrate. The provision of 
alternated phosphor-dielectrie and copper iodide 
films (by iodization of copper) completed the basic 
lamp structure. Considerable difficulty was experi- 
enced in early electrical failure of isolated portions 
of the copper iodide films or at the contact area 
between the bus bars and copper iodide films when 
the lamps were operated at 120 volts, 400 cycles. 
While uniformity and brightness are fairly good 
in this design, it is evident that the copper iodide 
intermediate electrode provides only limited ap 
plication in multilayer lamps 

(4) Evaporated Gold Electrodes—The results of 
earlier work on evaporated gold electrodes in a 
single-layer flexible lamps indicated that composite 
conductive coatings, formed by the simultaneous 
vacuum deposition of gold with small quantities 
of iron oxide, afforded a more reliable film for use 
as intermediate electrodes in both rigid and flex- 
ible types of multilayer structures. Iron oxide 
modified gold films are relatively easy to prepare 
on glass and plastic substrates with electrical re- 
sistivities ranging from 15 to 80 ohms per square, 
capable of transmitting 60 to 70 per cent of the 
light emitted by a green source. However, consid 
erably heavier gold coatings are required for inter 
mediate electrode applications in multilayer struc- 
tures, due to surface irregularities in the phosphor- 
dielectric layers. The surface irregularity effect 
was especially pronounced in the case of phosphor- 
dielectric layers upon flexible substrates. Unequal 
contraction between the silicone-alkyd binder and 
substrate during the curing cycles and/or flexing 
of the coated substrates frequently result in the 
formation of minute hair-line cracks in the phos- 
This effect, coupled with 
the inherent roughness of the dielectric surface due 


phor-dielectrie layers. 


to partially protruding phosphor particles, necessi- 
tates the deposition of relatively thick gold coat- 
ings. A light transmission ranging from 25 to 50 
per cent is observed in the thicker gold-iron oxide 
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0.125" SCORING AROUND 3 EDGES 
0.063 45.75" EPOXY-SILVER BUS BAR TO 
GLASS ELECTRODE 
0.063" SCORING 
- 0.063"« 2.875" SILVER BUS BAR TO FIRST 
GOLD + IRON OXIDE ELECTRODE 
0.063"" 2.875" EPOXY-SILVER BUS BAR TO 
SECOND GOLD + IRON OXIDE ELECTRODE 
f 0.063" « 4.5" EPOXY-SILVER BUS BAR TO 
ALUMINUM ELECTRODE 
G — CONDUCTIVE COATING 


Figure 3. Bus bars and scoring for rigid multilayer 


lamp (drawing not to scale). 


intermediate electrodes required for satisfactory 


lamp performance under continuous operation 


Transmission of Phosphor-Dielectric Layers 


The light transmission of the individual phos 
dieleetric lavers was determined for light of 
the thre indicates 


emission 
relatively good transmission emission 
colors through the individual phosphor-dielectric 
s. Although the transmission of light emitted 

green and blue sources is lowest through the 


containing red pl osphor, it 1s ad 


dielectric lave 


visable, in the multilayer lamp design, to place the 
red emission layer on top of the lamp in order to 
conserve the inherent low brightness of the red 
emission. The arrangement of the blue emitting 
layer in the middle and the green emitting laye 
in the back is selected on the basis of the higher 
inherent brightness of the green emitting layer so 
as to provide a degree of nearly equal brightness 


from the various layers 


Constructional Details 
Rioid Multi auer Lamps 


Rigid multilaver lamps are constructed on a glass 


substrate 0.022 inch thick. one side of which is pro 
vided with a conductive tin oxide type coating hav 
ing a resistivity of 300 ohms per square The eon 


ductive glass surface is scored by sandblasting and 
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epoxy-silver bus bars are provided as in Fig. 3. 


The arrangement of bus bars is designed to allow 
wide area contact to the conducting layers and to 
confine the exit of lead-in conductors to a minimum 
area. Nickel strips 0.002 inch thick, 0.062 inch wide 
and approximately 1.5 inch long are used as lead- 
in conductors. The metal strips are joined to tne 
bus bars by means of conducting epoxy-silver paint 

The phosphor-dielectric layers are formed by the 
spray application of a phosphor suspension in a 
silicone-alkyd resin solution in a 1.5 to 1 phosphor- 
to plastic ratio. An additional coat of clear sili 
cone-alkyd resin solution is then applied in suffi 
clent thickness to vield a dielectric breakdown 
strength in the cured layer in the range of 200 to 
250 volts. The phosphor-dielectric coating extends 
0.062 inch over the scoréd edges to prevent short 
ing of electrodes. The intermediate gold and alum 
inum back electrodes are deposited so as to extend 
over the appropriate bus bars and terminate 0.062 
inch from the edges of the previous phosphor-di 
electric layers. A cross-sectional drawing of the 
multiple structure is given in Fig. 4, where the 
epoxy /aluminum 
The total thickness of 


prime coating and protective 
backing are also indicated 
the multilayer lamp is approximately 0.100 inch 
along the edges due to the overlap of the metal 


backing and 0.085 inch in the central area 


Fil rible Vulti aque? Lamps 


With the exception of substrate, protective back 
ing and a few minor modifications, the flexible 
multilayer lamps were constructed similarly to the 
rigid lamp counterpart. A fluorocarbon polymer 


polychlorotrifluoroethylene) extruded in sheet 


form in 0.010 inch thickness is advantageous as a 


flexible substrate, sinee it possesses a high degree 


GLASS SUBSTRATE. 
CONDUCTIVE COATING. 

REO PHOSPHOR LAYER. 

GOLD + IRON OXIDE ELECTRODE. 
BLUE PHOSPHOR LAYER. 
GREEN PHOSPHOR LAYER. 
ALUMINUM ELECTRODE. 

PRIME COATING 

EPOXY RESIN. 

SILICONE-ALKYD CLEAR LAYER. 
ALUMINUM SHEET. 


rh ws a 
—"-AcrTonwnom OO @ PK 


zxzAcrrIEoOownmooqg rp 
! 


Figure 4. Cross section of rigid multilayer lamp (draw- 


ing not to seale). 
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Table 11—Brightness and Transmission of Flexible 


Lamp Layers. 


Brightness 
Total 115 volts, 
Per Cent Per Cent 400 cycles 
Layer Transmission Transmission (fL) 


Piasti and gold coating 6F 66.6 
" } 


6 
ted phosphor-dielectr 1 ) 6 
i 


Second gold coating 9.3 15 


’ 

tlue phosphor-dielectri« 2 .f ‘8 

ird gold coating © 
dielectr 


of clarity, flexibility, thermal stability, and mois 
ture resistance. A transparent conductive coating 
of gold and iron oxide is deposited upon the sur 
face of the plastic to provide the top electrode of 
the multilayer lamp. Alternated phosphor-dielee 
tric layers of various emission colors and gold-iron 
oxide intermediate electrodes complete the basic 
lamp structure 

Lead-in conductors consist of 0.003-inch diameter 
bare copper wires which are joined by means of 
epoxy-silver adhesive to flexible conducting epoxy 
bus bars that were previously applied to the plastic 
substrate. Encapsulation of the lamps is afforded 
by sandwiching a layer of flexible epoxy resin be 
tween the lamp and an additional sheet of 0.010 
inch thick fluorocarbon plastic The laminate 1s 
thermally cured under mild pressure with the cop 
per wire lead-in contacts projecting between tl 
plastic sheets. After removal of extraneous flexibl 
epoxy between the plastic sheets at the outer edges 
of the structure, the edges are heat sealed to pro 
vide maximum moisture protection. Copper prongs 
equipped with soldered external attached lead 
wires are applied to the contact areas with conduet 
ing epoxy adhesive and all junctions are coated 
with a resilient epoxy resin to electrically insulate 
exposed contacts and to increase the mechanical 
streneth of the connections. The total thickness of 
the flexible multilayer structure is approximately 


0.030 ineh 


Transmission and Brightness 


There is little difference in the light transmission 
and brightness of equivalent emitting layers of the 
rigid and flexible types of multilayer lamps. The 
results of measurements taken on a representative 
sample flexible structure after each successive layer 
was applied during construction are given in Table 
I] 

Evidently, the relatively thick gold and iron ox 
ide coatings required to prevent breakdown of the 
electrodes on lamp operation and the extra thick 
ness of the dielectric layers to ensure a breakdown 
in excess of 200 volts, had the combined effect of 
low transmission through the layers with resultant 


loss in brightness through absorption. An addi 
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tional factor contributing substantially to low 
brightnesses of the two uppermost layers is the 
substitution of the highly reflecting electrode by 
the transparent electrode. The light emanating 
from a single phosphor-dielectric layer would nor- 
mally be emitted equally from both surfaces of that 
layer. In a single-layer lamp structure where one 
surface is covered with a highly reflecting alumi- 
nized electrode, the light emitted in that direction 
is presumed to be largely reflected back through 
the phosphor dielectric laver and emitted from the 
front surface except for the portion which becomes 
absorbed in transit. In multilayer structures, this 
situation prevails only for the bottom (green) layer 
which has one surface coated with aluminum. The 
middle (blue) and top (red) layers, however, do 
not have the advantage of the highly reflecting sur 
face on one side; rather, their surfaces are coated 
with low reflecting coatings, thereby allowing the 
light emitted in the back direction to be transmitted 
into underlying layers of phosphor-dielectrie and 
transparent conducting coatings. Such light will 
certainly be rather highly absorbed before being 
scattered or reflected back through the upper layers 
toward the viewer. Consequently, the brightness of 
the middle or top layer in a multilayer structure 
might be expected to be reduced by a factor of ap 
proximately one-half in addition to the absorptive 
losses incurred through the layers above the emit 
ting sections 

A substantial improvement in brightness, per 
haps in the order of factors of 2 or 3, might result 
from better control of the thickness of the phos 
phor-dielectrie laver to allow deposition of con 
ductive coatings with a higher degree of light 
transmission, and optimization of the phosphor to 
dielectric ratio so that such layers have maximum 
individual brightnesses consistent with maximum 
transmission of light generated from underlying 
lavers. The extent to which these improvements 
may be realized can only be determined as a result 
of extensive efforts to optimize all factors and to 
develop degrees of control and reproducibility 
hitherto unknown in the fabrication of electrolumi 


nescent lamps 


Environmental Test Results 


Evaluation tests of the rigid and flexible multi 
layer structures showed that their performances 
were essentially identical. No significant differences 
in the two types of lamps were evident with respect 
to their brightnesses, their ability to withstand 
high temperatures, and their high altitude perform- 
ance. The rigid type lamp exhibited somewhat 
superior performance with respect to maintenance 


and ability to withstand high humidity operation ; 
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the flexible type lamps displayed somewhat better 
performance with respect to their ability to with- 
stand low temperatures and vibration. In general, 
both the rigid and flexible multilayer lamps with- 
stood the environmental tests in the military speci- 


fications remarkably well. 


Summary 


Flexible single-layer electroluminescent lamps 
were prepared from plastic substrates for evalua 
tion of materials and methods for protecting flexi- 
ble structures against adverse environmental con 
ditions and for determining the effects of the 
environmental tests on lamp components and char- 
acteristics. The results of this investigation set the 
basic groundwork for the fabrication of flexible 
multilayer lamps 

flexible 


were prepared which are capable of emitting red, 


Rigid and type multilayer structures 
blue, and green light and combinations thereof, 
from a single six- by six-inch area source. In regard 
to uniformity and brightness of the emitting layer, 
best results are obtained through the use of iron 
oxide modified gold intermediate electrodes vacuum 
deposited between successive phosphor-dielectric 
laye rs 

The two types of multilayer lamps were con- 
structed from similar components except that the 
evaporated gold and iron oxide coated fluorocarbon 
plastic substrate in the flexible lamps replaced the 
conductively coated glass of the rigid lamp, and 
heat sealed fluorocarbon plastic sheet protective 
backing in the flexible lamp replaced the epoxied 
aluminum sheet backing utilized in the rigid lamp 

The performance of the rigid and flexible type 
lamps was remarkably similar and both types with 
environmental tests exceptionally 


stood adverse 


well 
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DISCUSSION 


LUKE THoRINGTON:* The authors undertook an admittedly 
tough job. Making a rigid single-layer electroluminescent 
lamp is one thing—making a flexible multilayer, multicolor 
lamp is quite another. Given the suggestion from the title, 
it is tempting to let one’s imagination run to the day when 
lighting is purchased in rolls to be applied to interior walls 
much like wallpaper, with changes in hue and brightness 
controlled at will! The present state of the art as de 
scribed in the paper, however, raises some very practical 
questions 

For example, the brightness levels given for red, blue, ana 
green emission of the flexible multilayer lamp in Table I 
ire in the range where human vision changes from photopic 
to seotopic.! As the latter does not sense hue and saturation 
differences, it seems logical to ask whether or not the 
different colors are actually visually distinguishable in this 
amp; if not, then what function does the lamp serve? The 
question is especially pertinent if the brightnesses given 


were measured as the authors state that they were, ‘e., 
‘‘after each successive layer was applied.’’ This would 
seem to mean that the values for the green and blue layers 
would be further attenuated in a completed lamp by absorp 
tion by the overlying layers. With reference to the latter, 
would the authors state what they mean by transmission of 
the layers in Tables I and II? Is this meant to be luminous 
transmittance? 

One of the primary objectives of the present study was 
to achieve a degree of flexibility such that the lamp would 
withstand 500 flexing cycles over a “-ineh radius. No 
mention was made by the authors of this objective being 
ittained nor any other indication given of the degree of 
flexibility of completed lamps. How flexible are the lamps? 
Can they be flexed 500 times over a “s-inch radius—while 
burning? 

It is noted that the order of phosphor layers in typical 
lamps using wire mesh electrodes is blue, green, and red, 
where blue is nearest the viewer. The authors then proceed 
to show by measurement why the order red, blue, and green 


to be Would the authors reconcile this ap 


pre ferred 
parent contradiction? 

Finally, the authors should be gently chided for omitting 
pertinent references, viz., numbers 21, 22, and 23 cited by 
H. F. Ivey in ‘‘ Problems and Progress in Electroluminescent 
Lamps.’ ’= 


1. Committee on Colorimetry OSA: The Science of Color, page 105 


Thomas Y. Crowell Co New York 
2. Ivey, H. F “Problems and Progress in Electroluminescent 
Lamps ILLUMINATING ENGINEERING, Vol. LV, No. 1, page 13 


January, 1960) 
K. H. Weser:** The authors refer to the newness of the 
art of making flexible electroluminescent lamps, and to the 
considerable efforts they have devoted to the development 
of such flexible light sources. Consequently it appears ap- 
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propriate to point out that, as the authors themselves un 
doubtedly intended, this summary of their approach is not 
necessarily representative of the entire state of the art 
achieved with flexible electroluminescent lamps. Such lamps 
have, of course, already been developed to the point of 
commercial availability. 

For example, electroluminescent lamps made within our 
own area of responsibility differ from those discussed here 
in materials, in structure, in manner of construction, and, 
not unnaturally, in the resulting properties. Perhaps thé 
most notable of these differences is brightness at least two 
to five times greater than those quoted in this paper, for 
comparable conditions. Such developments, we believe, 
greatly extend the range of applicability of electrolumines 
cence 

The authors emphasize the objectives of good mainte 


nance, particularly at high relative humidity and high 
temperature The representative maintenance data actually 
shown in Fig. 2 indicate a depreciation of 20 to 30 per cent 


in 1400 hours for their flexible lamps under ‘‘ normal 


environmental conditions. The authors state, in addition, 
that both their rigid and flexible lamps withstood adverse 
environmental tests exceptionally well. It would be a further 
contribution if the authors would indieate quantitatively 
how these maintenance data are modified for such extreme 


temperature and humidity conditions. 


‘ } 


erric oxide 


The authors’ finding that composite gold and 
coatings are superior to gok alone seems to be a step for 
ward in the area of evaporated, transparent conductive 
coatings. Will the authors comment on what preparation of 
the trifluoromonochloroethylene and phosphor matrix sur 
fuces re made befor deposition, and on such variables as 
substrate temperature, time, absolute pressure, and ratio of 


ferric oxide to gold? 


given the characteristics of the single-color 


Finally, 
electroluminescent lamp, the authors have performed a 
worth-while service in demonstrating the properties that 
result from them for the multilayer, multicolor electrolumi 


nescent lamp 


K. H. Burier:* The possibilities of combining electro 
luminescent layers of different colors into a single structurs 
have intrigued people ever since the first demonstration of 
eleetroluminescenee before this Society in 1950. The authors 
of the present paper have set a higher goal in trying to 
make a flexible lamp with such a structure. 

They have succeeded in combining the older techniques 
of evaporating metals to form an adherent light- transmitting 
coating on a plastic substrate, of embedding electrolumi 
nescent phosphors in organic dielectrics and of heat sealing 
a barrier layer into a synthesis, resulting in a flexible multi 
colored lamp : 

While the resulting product has some scientific interest, 
it is questionable, in view of the performance data, whether 
there is any practical value in such a complex assembly. 

The multicolored lamp gives blue at 0.04 fL, green at 
0.026 fL and red at 0.006 fL when operated ai 115 volts, 
400 cycles. This is low indeed when compared to the electro 
luminescent night lights now available commercially. The 
maintenance characteristics of Fig. 2, showing at least 60 
per cent deterioration within 1000 hours, even in normal 
environment, is also far inferior to the values obtainable 
with ceramic dielectrics. Would the authors care to comment 
on future prospects of improved performance? 


*Sylvania Electric Products Inc., Salem, Mass 


MARCH 1961 


Electroluminescent Lamps 


R. J. Buazex, R. W. Wo.Luentin anv H. B. BULLINGER:* 
In response to Mr. Thorington, the authors acknowledge 
that the brightness levels of the emitting layers of the 
multilayer structure were much lower than originally antici 
pated. This was attributed primarily to the excessively high 
light absorption of the thicker phosphor dielectric layers and 
intermediate electrodes required to provide adequate die 
lectric breakdown strength. However, the various emission 
colors are readily diseernible at 120 volts, 240 eps operation. 
Some improvement in brightness may be realized through 
further optimization of the ratio of phosphor to dielectric 
to yield maximum light transmission and emission of each 
emission layer. Improvements in the smoothness of the 
surface of the phosphor-dielectric layers, e.g. by planishing, 
would enable the deposition of thinner, hence more trans 
parent, intermediate electrodes. 

In clarification of the tables, Table I presents luminous 
transmittance values for individual dielectric layers con- 
taining unexcited red-, blue-, and green-emitting phosphors, 
respectively. Electroluminescent lamps having essentially 


identical spectral energy distributions as the phosphors 
contained in the individual dielectric layers were employed 
as light sources. In Table II, the values presented in the 
‘Per Cent Transmission’’ column were derived from the 


values given in the ‘‘ Total Per Cent Transmission’’ column, 
The values contained in the latter column were obtained by 
measuring the transmittance of green light emitted by an 
electroluminescent source through the multiple layers formed 
by the successive applications of layers in the order stated 
in the ‘‘Layer’’ column, A photomultiplier assembly cor 
rected for eye sensitivity was employed for all measure 
ments; consequently, the values presented in Tables I and II 
are the luminous transmittance of the layers. There will be 
no further light attenuation of the lower emitting layers 
other than had been indicated because the total transmis 
sion was obtained from measurements on the combination 
of layers. The values derived therefrom take into account 
interreflection phenomena and associated absorptive losses 


between | 


ayers. 

The flexible multilayer lamps withstood all the specified 
environmental tests and, in addition, 500 flexing cycles over 
a %-inch radius, without delamination or other adverse 
effects on lamp performance. Although the lamps were not 
operated during this particular test, other empirical flexual 
tests have indicated that the lamps may be flexed while 
operating without detrimental effects. 

During the early stages of the investigation on multilayer 
structures, which involved the evaluation of wire mesh inter 
mediate electrodes, the preferred arrangement of the various 
emission layers had not been determined and, consequently, 
was arbitrarily chosen. In the preferred lamp design with 
composite gold and iron oxide electrodes, the various layers 
were placed in the order of inereasing luminous efficiency 
toward the bottom (red on top, blue in the middle, and 
green at the bottom) to favor equalization of the brightness 
of the emitting layers at the specified operating parameters 
of 115 volts, 400 eps. 

In reply to Mr. Weber, maintenance data taken on 
aluminum-backed rigid lamps and epoxy-filled, heat-sealed 
flexible lamps previously subjected to humidity eyeling and 
high-temperature environments (71°C for 50 hours), gener 
ally indicated little or no inerease in deterioration rates in 
comparison to equivalent control lamps which had not been 
subjected to the environmental tests. 


* Authors. 
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Fluorescent Lamps for 


Photo-Duplicating Service 


B.. USE of their relatively small output, 


fluorescent lamps are not used where very hig! 


printing speeds are required. High pressure met 
cury lamps are used at poor efficiency in these bri 

force machines. However, recent advances in the 
development of light sensitive papers have drastic 
ally lowered the level of incident required 
0.1 joule 


of hich speed papers coupled with the deve lopment 


energy 


for exposure em*, or less). The advent 
of very-high-output fluorescent lamps has opened 
up a widespread demand for simple, high efficiency 
machines with moderate printing speeds. The 
lamps develop little heat, so special cooling can 
often be dispensed with, and they come up to full 


efficiency at once 


Photo-Chemical Process 

In this process the photo-type paper has a light 
sensitive layer which chemically decomposes whet 
exposed to artificial light of proper spectral quali 
ties. The paper is placed in contact with the origi 
nal document in such a manner that the drawing 
or printing in the original prevents the light energy 
from reaching the sensitized layer. At the places 
where light does not reach the layer, chemical de 
composition does not take place. During develop 
ment, which follows exposure, the non-exposed parts 
turn color, the color depending upon the chemicals 
used Exposed parts remain colorless 

Photo-chemical light-copying techniques can be 
grouped under two main headings. In printing by 
light transmission, where the facsimiles are taken 
from a translucent original, only one side of the 
original contains the drawing or printed matter 
In reflex printing the facsimiles are taken from an 
original which can be opaque and which may con 
tain a print or drawing on both sides. All papers 
conform to the reciprocal rule, that is, for exposure, 
the product of energy and time is a constant, pro- 
vided that certain critical paper temperatures are 


not exceeded. 


ninating 


AUTHOR 
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Fluorescent Lamps for Photo-Duplicating Service 


By C. J. BERNIER 


In modern offices and factories the reproduc- 
tion of letters and documents is done princi- 
pally by means of the light-copying process. 
With this method documents can be repro- 
duced simply, cheaply and faultlessly. Light 
copying is based on two main types of proc- 
esses, i.e., photo-chemical and photo-electro- 
static (Xerography). Fluorescent lamps de- 
signed specifically for use in photo-duplicating 
equipment using either process are the sub- 
ject of this paper. 


Printing by Light Transmission 

The diazo process, a process where two azo com 
pounds are used to produce coloring, is used almost 
exclusively for this type of light copying. The 
moist. Most diazo papers 
This 


radiation occurs in daylight in such low intensity 


process can be wet or 


are sensitive to violet or ultraviolet radiation 


that work can be done with photo-type papers in 


daylight and in artificially lighted rooms without 


paper spoilage. Fig. 1 shows the spectral sensitivity 


of four typical diazo papers in common use today 


In designing a fluorescent lamp for optimum 


printing speed for a specific paper one simply 


attempts to match the peak spectral emissivity of 


the lamp with the peak spectral response of the 
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Figure 1. Spectral response of typical diazo papers. 
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Figure 2. Spectral energy distribution of some 40-watt 


ri2 diazo lamps. 


paper. The peak emissivity of a fluorescent lamp 


IS determined by the phosphor used some phos 


phors require the use of an activator material to 


give fluorescence. Others require no activator to 


] 


cause the material to fluoresce but the peak emission 


wavelength can be shifted with the addition of 


some activator. Calcium tungstate phosphor re 
quires no activator and will radiate 


wavelength of 4100A, as shown in Fig. 2 


with a peak 
With 
lead as an activator the peak can be shifted to about 
400A. For the lower wavelengths, barium silicate, 

| SOOOA 


Between these two regions are such phosphors as 


lead activated, has a peak emissivity at 


magnesium lithium antimonate, titanium activated, 


peaking at 3900A and a ternary silicate (magnesi 


um, barium, strontium manganese activated, 


peaking at 3750A. The curves in Fig 


r.2 are plotted 
in absolute energy units and values given are for 
the 40-watt T12 lamp 

: proper lamp to use for a given paper can be 
by super-imposing the response curve of the 


paper onto the emissivity curve of the lamp in 


question and plotting the product of the 


If the ordinate 


two eurves 


lamp curve 


IS plotted in 


absolute energy units and or the paper in 


per cent units, the area the product curve 


is a measure of the energy in watt-seconds absorbed 
by the paper, assuming that all the light energy 
from the lamp is incident on the paper. By apply 


‘ 


ing a utilization factor for the machine involved, 


actual printing speed can be estimated 
Fig. 3 shows a product curve for a 10-watt diazo 
when used with 


lamp alcium tungstate, no lead 


diazo paper type D. The mercury line radiation 
has been taken into account in this diagram to 
show the importance of considering this radiation 
in design work. The lines have been arbitrarily 
given a width of 200A in order to give them area 
and reduce their heights to practical levels for 


plotting. From the curves it is seen that about 
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\0 per cent of the light energy of the lamp 1s 
absorbed by the paper, 20 per cent of which comes 
from mercury line radiation alone. In many cases, 
the bandwidth (wavelength distance between the 
50 per cent points) for papers is much less than 
that for lamps 

A common practice in light copying is overload 
ing of fluorescent lamps to increase printing speeds. 
Since lamp life of 1000 hours or less is acceptable, 
lamp currents are often increased by 100 per cent 
or more over ratings. When this is done, mercury 
line radiation becomes a very important factor since, 
lamps, the 


S655A, 


with increased loading of fluorescent 
longer wavelength mercury line radiation 
L047A and 4358A 


the 2537A radiation, which excites the phosphor 


does not saturate as rapidly as 


The extra-high-output T12 lamp is ideally suited 
With a loading of 25 


watts per foot, the lamp produces about two and a 


for many machine types. 
half times the light energy of the 40-watt lamp at 
standard loading, and maintains uniform bright- 
ness throughout life. Lamp lengths from one and 
a half to 6 feet have been used. Mereury tempera 
ture can be controlled to obtain optimum efficiency 
either by using the temperature control chambers" 
means of cooling units 


built in the lamp or by 


built into the machine 
Reflex Printing 
In this process light passes through the negative 


to the original and is reflected back to the sensi- 
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Figure 3. Determination of energy absorbed by diazo 
paper type D when exposed to light from a 40T12 diazo 
lamp containing calcium tungstate phosphor. 
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Figure 4. Spectral reflectance characteristics of some 


inorganic inks. 

tized surface of the negative. The exposed negative 
is then used to obtain a positive print on a sensi 
tized copy paper. Unlike the diazo process, where 
black inks are generally used for drawings or 
printed matter, the reflex process is used to copy 
letters, circulars, book pages, etc., where a variety 


of ink colors are used. The spectral response of 


colored inks becomes a controlling factor. The 
spectral reflectance of some inorganic inks is shown 


in Fig. 4 


from the light source and not reflect it 


For good contrast, the ink must absorb 
energy 
A green light source wtih a narrow bandwidth is 


ideal for copying blue, violet, orange, red, brown 


and black inks. Zine ortho silicate phosphor, for 
instance, has a bandwith of only 530 Angstroms 
and has a high peak energy output (1.4 watts per 
1OOA band at the peak for the 40T12 lamp It is 
used extensively in photocopy fluorescent lamps 
The spectral energy distribution curve for the 
green phosphor is shown in Fig. 5. The chemicals 
used in the sensitized layer of many papers are 
also highly sensitive to green light. For some ap 
plications the standard fluorescent colors, such as 
chief 


source for reflex 


cool white or daylight, are desirable. The 
merit of the fluorescent light 
copying is the fact that it can be designed to radiate 
with high peak efficiency at practically any wave 
length and, having a relatively narrow bandwidth, 
will effect high contrast for any combination of 
colored inks which the prospective user would de- 


sire to reproduce 


X\erography 

In this process the original is projected to a 
charged surface through a lens system or by con- 
tact under exposure to light. The differentially 


charged surface (plate or drum) is then used to 
obtain a print on regular white paper. The process 
will copy translucent originals as well as opaques 
with printing on both sides. Xerographic plates 


do not have a peak response in the visible light 
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Figure 5. Spectral energy distribution of green fluores- 
cent lamp using zine ortho silicate phosphor. 


region but for good contrast for a variety of ink 
‘olors a light source which has a narrow bandwith 
and peaks in the visible range is often desirable. 
The green zine ortho silicate lamp is ideal for this 


application 


Special Light-Copying Lamps 


Reflector Lamps 


The utilization of light output can often be im- 
proved, for some machine types, by the use of 
lamps with an internal reflector coating. The re 
flector coating angle depends upon the application 
The standard material used, titanium dioxide, has 
a high reflectance efficiency (90 per cent) in the 
visible light region but is entirely inadequate for 


ultraviolet lamps. However, a new material devel- 
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1000 
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Figure 6. Candlepower distribution for the 30-degree 
aperture lamp, 135-degree reflector lamp and regular 
lamp, all lamps operated at 25 watts per foot loading. 
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Color of 
High Pressure Mercury Lamps 


By C. W. JEROME 


The color of high pressure mercury lamps is affected by the mercury 
vapor pressure, phosphors are used to supplement the emission, filter 
coats are used to obtain special effects. Each of these effects is discussed 


and chromaticity coordinates given for various standard types of lamps. 


M. CH material has been published about shown in Fig. 1. This is taken from Lowry? and 
the high pressure mercury lamp. Every year three indicates the operating temperatures from which 
of four mercury papers are presented at the Na are derived the useful mercury-vapor pressures 
tional Technical conference of the IES. However. for a number of the more important electronie 
these have been primarily concerned with operating devices 
characteristics and applications. Elenbaas' does The mercury emission consists of a number of 
treat the variation in intensities of the various spectral lines. The relative intensities of these lines 


spectral lines which determines the color of these 





lamps, but no specific information on their chroma 
ticity coordinates has been found. It is the hope to 
fill this gap that has prompted the present paper 


5 


The color of the discharge is affected by the 


mercury vapor pressure, phosphors are used to 
. HIGH PRESSURE 
MERCURY L4uers4 


y 


supplement the emission, and filter coats are used -_ 
to obtain special effects. In the paper, each of these 


will be considered in turn 


MILLIMETERS 


Effect of Mercury Vapor Pressure 


The vapor pressure of mereury within a dis- 
charge is determined by its temperature. This, in 


turn, is determined largely by the power input 


;COOPER-HEWITT 


PRESSURE 


e! 


Devices with low specific power inputs, such as the -_ 


MOT CATHODE RECTIFIERS 
THY RATRONS 


fluorescent lamp, operate at a relatively low tem 


VAPOR 
9 
.] 


perature and, consequently, at a low mercury 


> FLUORESCENT LAMPS 


pressure. High pressure mercury lamps obtain 


ios 
“ 


their high pressure by virtue of a high power input 


in a relatively small are which results in a high 











operating temperature. The relationship between l i 
;, , 100 +200 4 500 
vapor pressure of mereury and temperature 1s SeuPERATURE ~ 2 


Figure |. Mercury vapor pressure as a function of tem- 
\ paper presented at the National Technical Conference of the r 
perature. The use ss > > ' 
lluminating Engineering Society, September 11-16, 1960, Pittsburgh i ful pressure and te mperature ranges 


Pa. AvTHOR: Sylvania Lighting Products, Inc., Salem, Mass for various electronic devices are indicated. 
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Figure 2. Comparative spectral emissions 
of high and low pressure mercury ares. 
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Figure 4. Spectral emission of fluorogermanate and or- 


thophosphate phosphors. 
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in the visible region of the spectrum determine the 
color of the are. Fig. 2 shows the relative intensi- 
ties of the visible lines of two ares. One is that of 
a typical high pressure mercury lamp; the other is 
that of a low pressure are, as found in a fluorescent 
lamp. These have been adjusted so that the blue 
lines at 436 millimicrons have the same intensity. 
There are other lines in the mercury spectrum, 
e.g., at 377,390 and 490 ma. However, these are 
so low in intensity as to be insignificant. It will be 
noted that the major difference in the visible ares 
shown in Fig. 2 is in the green and yellow lines at 
246 and 578 millimicrons. The high pressure are 
is richer in green and yellow energy than the low 
pressure are and, consequently, its color is greener 
and more yellow. The change in color from the 
low to high pressure are is continuous and gradual. 
This is shown in Fig. 3 which is a portion of the 
CLE color mixture diagram. The locus of chromo 
ticity coordinates of the are color as its tempera- 
ture, #.¢., vapor pressure, changes is plotted on this. 
The lower half of this locus is from data on fluores- 


cent lamps, presented in 1953,5 the lowest point 


TABLE I—Chromaticity Coordinates of High Pressure 


Mercury Lamps. 
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Figure 5. Spectral energy distribution of HILB/W lamp. 
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Figure 6. Spectral energy distribution of HILB/C lamp. 








Figure 7. CIE color mixture diagram showing chroma- 
ticities of HILB/W lamp and components. H—arc 
color, P—phosphor color, L—lamp color. 
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Color of High Pressure Mercury Lamps 


being for a bulb wall temperature of —20C. The 
upper half of the curve resulted from numerous 
measurements on several types of clear mercury 
lamps operated at various are tube temperatures. 
There was sufficient overlap in the measurements 
on the two types of lamps to insure that this locus 
was indeed a single and continuous function. 
Practical mercury lamps are constructed with a 
limited quantity of mercury so that at their normal 
operating temperature all the mercury is vaporized 
in order to stabilize the operating characteristics of 
the lamps. All the lamps measured at their normal 
operating conditions have are tube temperatures 
slightly above 600C and colors within a very small 
range at the upper end of the curve shown in 
Fig. 3. The locus of points continues beyond the 
range shown. Considerations of the very high 
pressure lamps, which require high lamp voltages 
are not, however, within the scope of this paper. 
Chromaticity coordinates of the are at repre- 


sentative temperatures are listed in Table I. 


Effect of Phosphors 


Since the visible radiation from the mercury are 
consists of only a few spectral lines, as shown in 
Fig. 2, its color rendition may be considered rather 
unsatisfactory for blue greens and, most especially, 
for reds and purples. Phosphors deposited on the 
inside of the outer jacket have been used to correct 
this deficiency. Thomas et al.* have pointed out 
that these phosphors have the following unique 
requirements : 


1) They must respond efficiently to a wide 
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Figure 8. CIE color mixture diagram showing chroma- 
ticities of HILB/C, HIGL/X and HIGL/Y lamps. H— 


are color, P—phosphor color, L—lamp color. 
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Figure 9. Spectral transmission of “/Y” and “/X” filters. 
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» 10. Spectral energy distribution of HIGL/Y lamp. 
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major proportions in the high pressure are. At the 


same time, the 254 mu line (not shown) decreases 
from approximately 50 times the 436 my intensity 
in the low pressure are to only about one-fourth 
its intensity in the high pressure are; hence, the 
importance of the 313 my line and the 365 mz line 
in the activation of phosphors for the high pressure 
lamps 

To date only two phosphors have found any 


extensive use in an orthophosphate 


the 


these lamps 


described by Thomas* and fluorogermanate 


phosphor The spectral emissions of these phos 


Fig. 4 
identical 


Magnesium arsenate 
with that of the 
Eu 


this 


phors are shown inh 


has an emission almost 


germanate and has been used extensively in 


rope. However, it has not found favor in 


country because of its toxic qualities 
Just as in the fluorescent lamp, these phosphors 
contribute to the over-all color of mercury lamps 


Hlowever, whereas in the fluorescent lamps they 


constitute the major portion of the lamp emission 
approximately 95 per cent), in the high pressure 
about 15 cent of 


less in 


lamps they 


the total 


contribute only per 


energy emission their effect on 
lamps 
the 


Conse 


color 
The 


long 


is correspondingly mercury 


has all its emission in 


the 


fluorogermanate 


wavelength end of spectrum 


quently, it contributes considerably to improved 
accordance with the fourth 


rendition of reds in 


criterion above. However, since it is near the end 
of the visible spectrum, this emission contributes 
very few lumens, and lamps with this phosphor 
have lower lumen outputs than the corresponding 
Qn the other hand, the ortho 
the 


higher 


clear bulb lamps 


have appreciable emission near 


the 


phosphates 
middle of 
lumen outputs in accordance with the fifth crite 


visible spectrum and have 


rion above. Lamps with this phosphor have lumen 
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Figure 11. Spectral energy distribution of HIGL/X lamp. 


Jerome ILLUMINATING ENGINEERING 





outputs considerably higher than the correspond 
ing clear bulb lamps. Typical spectral energy dis 
tribution of lamps with these phosphors are shown 
in Figs. 5 and 6. It will be noted in these illustra 
tions that we have followed the convention of de 
picting the spectral lines of the mereury are as 
blocks of energy with a definite width—in this 
case, 20 mu. This is done to keep the line spectra 
within reasonable height when drawn on the same 
basis as the continuum of the phosphor 

The color parameters of these lamps are shown 
plotted on the CLE diagram in Figs. 7 and 8, and 
listed in the table. On these, the separate points 
for the are, phosphor and combination are shown 
For reference, the locus of are colors shown in Fig 
} is also shown in these figures 

In the HILB/W lamp (Fig. 7) it will be noted 
that the are color coincides with that for the bare 
lamp However, the fluorogermanate is a slightly 
vellow powder instead of being white. As a con 
sequence, it acts as a vellow filter and the are in 
lamps using this phosphor is yellower than in a 


bare lamp 


Effect of Filters 
The high pressure are is an efficient high in 


Being in a relatively small package, 


tensity source 
it lends itself to use with filters by which special 
color effects can be obtained. Its line spectrum 
limits its usefulness in this respect. However, good 
blue, green or vellow can be obtained in this man 
ner by isolating the desired spectral lines 

As of this time only two filters have found suffi 
cient utility to warrant making them an integral 
part of the lamp and both of these are used in con 
junction with the color improved lamp with fluoro 
vermanate phosphor. These filters are a yellow* 
resulting in the lamp with the color designation 

Y.’’ which is golden in color, and a purple 
which results in a color designated as *‘/X.’’ The 
spectral transmissions of these filters are shown in 
Fig. 9 and the spectral energy distributions of the 
H1IGL/Y and H1IGL/X lamps are shown plotted 
The effects of the 


the filters are as would be expected from their 


on the CIE diagram in Fig. 8 
spectral transmissions 


Summary 


Factors affecting the color of the high pressure 
Table 


I presents pertinent chromaticity coordinates re- 


mercury lamps have been discussed briefly 


sulting from this study. It is hoped that these 
data will be of interest and utility to users of these 


lamps 
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DISCUSSION 


M. ¢ Une Mr. Jerome indicates that the energies 
represented by the bars in Figs. 5 and 6 cover a 20 m# width 
ing the case, our data on simila 


amps are not quite 
ement with those of the ithor. We find the energy 
977-579 mu to be greater than at 546.1 my 
germinate dsthe orthophosphate coated 

it 546.1 ma, the width 
range, resulting 


yuld Mr. Jerome 


ited in the impor 


iry lamps are the 
nost economical indust! ind street lighting 
built today Therefore, a diseus 

eritical charact ic, their color 
hods of corre is always 

Jerome shows the effect of the operating vay 
on the chromaticity coordinates of mercury lamps. His 
results confirm the well-known fact that with increasing 
pressure the color changes toward a whiter impression, 
primarily through the increase of continuous radiation which 
contains a certain amount of red I would like to ask 
Mr. Jerome whether he has considered the possibility of 
improving the color of present mereury lamps by increasing 
operating pressure. He states that he does not con 
in his paper high pressures that would require higher 
than usual lamp voltages. However, it seems that the vapor 
pressure could be raised considerably without changing 
electrical characteristics by using shorter electrode spacings. 
Thus, the wattage per unit of are length could be inereased 
and a slight improvement in luminous efficiency obtained 

together with a color improvement 

Mr. Jerome’s data also show the influence of two other 
methods of color correcting mereury lamps: the use of 
phosphors and of filters. When studying the paper I got 
the impression that a more complete picture of the results 
ichieved with phosphors and filters could be obtained by 
taking lumen/watt figures into consideration. These show, 


for example, that the purple filter—which so far seems to 
be the only means of achieving really satisfactory color 
rendition—leads to a considerable loss of lumens/ watt. 
If such reduction in efficiency is to be accepted, the very 
early method of modifying the color of mercury lamps by 


adding the light of incandescent filaments appears in a new 


*Westinghouse Electric Corp Bloomfield, NJ 
Duro-Test Corp North Bergen. N. J 


Je ronnie 
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Figure A. Comparative spectral energy 
distributions of high and low pressure 
mercury ares in absolute units. 
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data could be put on 


ilues for the various lines in 


lamp are shown in Table A 
With t illimieron band pass the doublet 


llimiecrons i resolved but shows up as a single maxi 
millimicrons. With the spread of the 
error in this measurement which anal 
20 per cent. Correcting the value shown in 
this doublet leads to a value of 17.80 watts 
lightly above the value for the 546 milli 

is indieated by Mr. Unglert. 
Thouret’s discussion of methods of increasing the 
continuum of these lamps and thereby improving their 
endition is interesting. However, in this study the 
main interest has been in the lamps as they are now being 
manufactured Actually, i s seriously doubted whether 
much improvement l obtained by these methods 
because the spectral lines of mereury are so intense in 
these lamps that any continuum, whether due to inereased 
mereury vapor pressure or isting filaments, would be 
insignificant and co 1i0t be shown on any diagram on 
which the snectr shown For example, a con 
tinuum for the !a ) 1 Fig. 2, however, it is on the 
order ntensity of the 546 millimicron 


the width of the 


Recording 
urnal of the 


195% 
TABLE A. 


Wavelength 
{Millimicrons) 
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How Operating Position and Circuit Variations 
Affect Mercury Lamp Characteristics 


Aw: NT OF THE horizontal burning posi 


tion for mercury vapor lamps has led to the reeog- 
nition that lamp characteristics are a function of 
operating position, Both lamp wattage and lumen 
output decreased as the lamp was rotated from 
vertical to horizontal. This effect gave rise to the 
desire to correct or compensate for this change 
Two general methods have been used to provide 
‘*Wattage’’ 


basis the increase in wattage delivered to the lamp 


compensation compensation has as its 
so that it operates at rated wattage in the horizon 
tal position. It was noted, however, that this did 
not produce rated lumens in the horizontal posi 
tion. ‘‘Lumen’’ compensation provides for an in 
crease in wattage to the lamp sufficient to allow it 
to produce rated lumens in the horizontal position 

Historically, street lighting service ineandescent 
lamps have been designed for lumen output. Varia- 
tions between lamp types (series, multiple, group 
replacement series, or regular series) have been ad 
justed by changing the wattage required to deliver 
a specific lumen rating. Mercury vapor lamps, 
however, have been designed for specific wattage 
values. Technological advances and/or variations 
in lamp type have kept the wattage constant and 
let the lumen output vary accordingly. The degree 
of compensation required to achieve either type of 
compensation is dependent upon lamp type and 
circuit used, as well as upon operation position 
In the following sections, the effect of varying op 
erating position and circuit parameters on the char- 
acteristies of a group of H33-1-CD 400-watt mer 


cury lamps is investigated 


Effect of Operating Position 
On Lamp Characteristics 


In order to determine the changes in operating 
characteristics of a mercury lamp when burned 
vertically, a group of H33-1CD 
400-watt lamps were tested. They were selected for 
this test because the 400-watt is by far the most 


horizontally vs. 


A paper presented at the National Technical Conference of the 
Illuminating Engineering Society September 11-16, 1960 Pitts 
burgh, Pa. AvTHors: Messrs. Fraser and Unglert, Westinghouse 
Lamp Division, Bloomfield, N. J Messrs. Waldbauer and Walick 
Westinghouse Lighting Division, Cleveland, Ohio 


MARCH 1961 


Ve reury Lamp Characteristics 


By H. D. FRASER W. M. WALDBAUER 
M. C. UNGLERT J. A. WALICK 


An investigation was made into the effect 
which variation of operating position and cir- 
cuit parameters has on the characteristics of a 
group of H-33/CD-1 400-watt mercury vapor 
lamps. Various requirements for both ‘“watt- 
age’ and “lumen” methods of compensation 
are discussed. Recommendations are made re- 
garding the establishment of additional lamp 
standards. 


widely used type and the improved oxide-coated 
electrode is rapidly becoming the most popular. 

The lamps were installed in a spherical photom- 
eter with provisions for turning the lamp from the 
vertical to the horizontal position without extin- 
guishing as well as rotating the lamp about its axis. 
Observations were made using a standard linear 
reactor ballast with 744 per cent power factor and 
providing means for adjusting the impedance to 
desired values. Voltage, current, wattage, and 
lumen output were read both vertically and hori- 
zontally, by rotating the lamp and taking readings 
at four points 90 degrees apart at each of the im- 
pedance values. 

The results of these tests are shown in Figs. 1 
and.2. In Fig. 1, the two curves at the top indi- 
cate the change in lamp wattage as the impedance 
is varied. The curves represent the average of all 
lamps tested whose operating voltages are as indi- 
cated in Table I. It can be seen that for the H33 
type, the vertical to horizontal wattage difference 
over the range tested is relatively constant and is 
approximately two per cent lower in the horizontal 
position. At the bottom of the graph, the effect on 
lumens is similarly shown. Again it is evident that 
the lumens in the horizontal position are lower by 
a fairly constant amount and are approximately 
seven per cent lower for the same impedance value. 
It is, therefore, evident that to obtain rated watts 
or lumens when lamps are operated horizontally, 
the cireuit will have to supply more than rated 
watts to a vertical burning lamp. For example, 
with a cireuit such as used for these tests, a ballast 
operating the lamp in a vertical position at 400 
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Figure 1. Effect of ballast impedance and lamp position 


on lamp characteristics. 


watts and giving rated lumens will run the same 
ily approximately 392 watts 
If it is de 


circuit so that the lamp 


lamp horizontally at 
and about 93 per cent of rated lumens 
sired to compensate the 
will run at rated watts horizontally, then of neces 
sity the vertical burning lamp must be operated 
at 408 watts. This will result a lumen value of 
104 per cent of rated in the vertical position. How 
ever, the lumen value in the horizontal position of 
a lamp operated vertically at 408 watts will only 
be 96 per cent of rated lumens. Therefore, in order 
to compensate for rated lumens in the horizontal 
position, a lamp would have to be operated at ap 
proximately 416 watts in the vertical position 
which, as shown before, would result in 107 per 
cent of rated lumens in the vertical position and 
would draw 410 watts when burning horizontally. 

The above illustrations, as pointed out, refer only 
Other 


types of ballasts will give different results and the 


to the standard inductive ballast circuit. 


complexity of this problem becomes self-evident. 
Fig. 2 indicates the range of lumen output and 


rABLE I—Are Voltage of Test Lamps. 


Lamp Voltage 
Horizontal 


Lamp Number Vertical 


l 128.6 126.7 
2 2 128.5 
134.3 
125.9 


1 


13 
1290.8 
l 
l 


13.6 


Vercury 1 amp Characteristics 
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Figure 2. Effect of ballast impedance and are voltage on 
lamp characteristics. 


lamp wattage for lamps tested in the horizontal 
position, as a result of varying lamp voltages. This 
shows the additional range of lumens and wattage 
which will be encountered with variation in lamp 
voltage between approximately 127 and 143 volts 
as measured vertically 

From maximum to minimum, there is a range 
in watts of about 3 per cent and lumens of about 
This is in addition to the variation 
These 


curves, of course, are true only for the ballast used 


346 per cent 
resulting from lamp burning position 
in the test but do show that lamp operating voltage 
is another factor to be considered 

It is desirable to discuss the phenomenon that 
occurs when the are operates in the vertical posi- 
tion and then in the horizontal position in order 
to better explain the reasons for the changes in 
operation as previously presented. In vertical op- 
eration, the are steadies to a constricted position 
approximately centering itself in the are tube, as 
shown in Fig. 3. The convection currents in the 
vapor phase outside of the are stream maintain 
a balanced heat condition so that there is a virtu- 
ally equal dissipation of heat to the walls through- 
out the length. However, when the are tube is 
tipped to the horizontal position, a change occurs 
in the convection currents (see Fig. 4) and the 
effect is to slightly bow the are upward, thus mov- 
ing it nearer to the quartz wall. When this occurs, 
of course, the conduction of heat away from the are 
stream to the quartz wall, which is being cooled by 


gas in the outer bulb, becomes greater, resulting in 
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Figure 3 (left). Isobrightness curve of H33-1/CD are stream (vertical position). 
Figure 4 (below). Isobrightness curve of H33-1/CD are stream (horizontal position). 
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more of the total energy of the are being siphoned Graphie and tabular reports of the results are 


away in heat losses, leaving less for light produc shown in Fig. 5, 6 and 7 and Table II respectively. 


tion. The greater cooling of the mercury vapor re It can be seen from this information that the lumen 
sults in lower pressure in the are and, consequently, results were slightly more adversely affected by 
a lower are voltage. This, in turn, drops the watt given changes in parameters than were the wattage 
age values. Particularly notable are the wattage re- 


sults of the combined variations in line and lamp 


Effect of Circuit Variations voltages as opposed to the circuits used. In this 
On Lamp Characteristics light, the least desirable circuit is the reactor, 
— ‘ whereas the regulated output ballast indicated a 
[he test procedure used to determine the effect . ° 
—e oe . more favorable performance. 
of circuit variations upon the lamp characteristics sia a 
; In considering the relative lumen ratings as op- 
is based on the American Standards Association 
rw : pL Tee a posed to the circuitry, it should be observed that 
Specification No. C78.1305-1959 which covers the 


400 watt BT-37 (H-1) mereury vapor lamp. Since 





a similar approved standard is not yet available for 
the 400-watt BT-37 (H-33), and since the electrical 
characteristics of the to lamps are nearly alike, +HSSrI-Co 
it was felt that this approach was justified. 

The cireuitry used to obtain the lamp operating 
characteristics is the reference ballast as described 
in the above mentioned standard; namely, a linear 
reactor of 53 ohms with a power factor of 7 to 8 
per cent as used on a 240-volt 60-cyele per second 
sinusoidal supply. With this circuit, a reference 
lamp was selected such that in a vertical base-up 


position, it was operating within 114 per cent of 


WATTAGE - % OF RATED 


the characteristics indicated in C78.1305-1959. 


8 


Production ballasts of the reactor, high react 


* 


ance, and regulated output types (see Fig. 8) were 


selected such that the aforementioned reference 


8 & 
LUMENS - % OF RATED 


lamp was selected such that, in a vertical base-up 
zontal position. Thus, the parameters were limited 


8 $ 


to those of the lamp and supply voltages, and pre 








cluded, specifically, those of ballast manufacturing 





tolerances. Each of the test lamps were then op 100 105 
erated on the various circuits. The change from % OF LINE VOLTAGE 

cireuit to circuit was made without extinguishing Figure 5. Effect of line voltage on lamp characteristics 
the lamps. (reactor circuit). 
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Figure 6. Effect of line voltage on lamp characteristics 


(auto transformer circuit). 


the regulated output cireuit requires more lumen 


compensation than the other two. However, the 


} 


difference in relative values are almost negligible 


Conclusions 
(one important consideration in th operation oO! 


ercury lamps is the reduction of both lamp wat 


and lumen output when the operating position 


shifted from vertical to horizontal It is gen 


agreed that som form of 


compensation 1s 


required for horizontal operation of these lamps 


Two methods of compensation suggest themselves: 


a) wattage compensation and (b) Lumen com 


pensation In any case, the f compensatio1 


required will depend upon factors includ 


ing a lamp type and d wn and b 


parame ters 





LAMP H33+1-CO 
LAMP POSITION HORIZONTAL 
N° OF LAMPS a 
CIRCUIT TYPE PRODUCTION REGULATED 
105} OUTPUT ; 
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Figure 7. Effect of line voltage on lamp characteristics 


(regulated output circuit). 


Some of the advantages and disadvantages of the 


proposed methods of compensation are as follows: 


LUMEN COMPENSATION 


Advantages 1) Maximum illumination on the 


street per luminaire approximately four per cent 
gain over wattage compensation for the H33 lamp. 
Disadvantages 1) Effect on lamp temperature, 


2) effect on luminaire temperature, (3) increased 


power costs 


WATTAGE COMPENSATION 


Advantages 1) Lower lamp temperatures, (2 


Lower fixture temperatures, 3) Lower power cost 
based on a given installation 


Disadvantaae 1 For same initial footeandle 


value on street, initial cost of system is higher. 


TABLE Il—Effect of Circuit Parameters on Lamp Characteristics. 


Lumens 
Per Cer 


Vercury Lamp Chara 


Circuit 
High Regulated 


Reactor Reactance Output 
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(a) (b) (ec) 


Figure 8. Circuit diagrams: (a) reactor, (b) high reactance auto transformer, (c) regulated output. 


The past history of mercury vapor lamp develop 
ment has keep wattage constant and increased lu- 


men output as improvements have been made. So 
. : or onta 
long as this trend continues, it would appear that complete 


wattage compensation is the most logical « 1c he considerable 


Now is the time for the industry to confirn a 


this method of compensation, from an over-all 
standpoint, best suits their needs. Coincident wit] 
this is the need for the establishm 

standards similar to ASA (€(78.1035-1959 

plied to horizontal operating lamps 


classes. It should be noted 
; : 1956 paper,! 
standard is dependent on : 


rans 


tion required re from 


DISCUSSION 


Operating Var 


E NGINEERIN 


the complexity o I ! ERBER’ Ss The variatio imen output and 
s certainly true, 1 ‘ l ele : iracteristics of mercury lamps, as determined by 


1956 paper! where some } burning position nd type of ballasting equipment used, 


factors have been analyzed. Figs. 2 and an ‘ i a well-known problem for the designers, manuf a¢ 


and II in that paper show the behavior of mereury lamp lighting. In this conne« 


imp nd line ( ol ti ‘ it 1 ilWay releome to ha presented whicl 


horize operation. We fine ( il ith complex problem 
ous work in this current paper. ask the ar llowing: This paper 
I, data are given for the ch in lamp volta pes ) 1 restatement of mu information 
vertical to horizontal operation eight | ] ‘ Noel and Martt in a paper read at the 1955 
the test. On the average, the voltage dropped 2 é rechnical Conference.! Noel and Martt clearly 
is seems low compared to a considerable amour relationship of vertical to horizontal burning as 


which show about 4 volts drop. Do the ithors ] » characteristies An explanation of the are 
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rABLE A. imen maintenance when lamps are operated at rated 


the horizontal position 
Lamp Lamp o disagree on the term compensation, however. If a 
Lamp Position Wattage Gurrent il is designed to deliver rated watts to a horizontally 
ump, this is proper operation and the ballast has 
bjected to any compensation. 
market, ballast manufacturers have ind 
loosely here) standardized on adjusting in 
» rated watts vertically and outdoor ballasts 
| higher) delivering rated watts horizontally 
majority of installations. The facts are, 


exception, all major ballast manufacturers 


one 
owing the above rule. 
Ballast as an Integral Part of the 
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Two methods of compensation for hori 
mp operation are discussed in this paper, namely, 
compensation and wattage compensation. Both meth 
burden on the ballast. Is it not reasonable to 
it could be done with the lamp and/or lumi 
compensate for reduced wattage and lumens at 
horizontal lamp operation? 
ll known technique uses a magnet as an are sup 
mm horizontal operating H25 (old AH1) lamps. In 
ince there was no choice; it had to be done or the 
ave been damaged in a very short time by 
from the are. What are the economies of utilizing 
technique so that the ballast will not have to com 
pensate for the deficiencies of horizontal lamp operation? 
What other possibilities exist for the lamp or luminaire 
manufacturers to make compensation for horizontal lamp 
operation? This would be an appropriate time to discuss 
possibility that exists 
he paper shows the changes in lamp wattags 
as determined by are voltages in a range from 
volts. The normal ASA range for a 135-volt 
inal lamp is 120 to 150 volts. Why was this official 
re not used? If narrower than 120 to 150 volts 
neompasses essentially all lamps produced, why are the 
ASA , ifications not brought up to date’? After all 
1l per cent manufacturing tolerance seems 
broad 
the paper show changes in lamp wattage 
eactor and autotransformer, respectively, 
5 per cent change in primary voltage 
5 shows the change in lamp wattage of a 
ge circuit with a plus or minus 13 per cent 
primary voltage. Would it not be a more equita 
ill ecirenits were subjected to the same 
percentage in primary voltage? This is particularly 
important when the data are subsequently used to obtain 
‘per cent combined effect of lamp and line voltage 
und the ‘‘combined effects’’ of unregulated and 
t wattage ballasts are to be compared. Incidentally, 
the ‘‘combined effect’’ obtained? Direct arithmetic 
vidition doesn’t quite do it 
IT shows ‘‘per cent wattage change at nominal line 
lamp voltage range’’ to be less for a regu 
in for a high reactance cireuit. This is rep 
bears emphasizing. I don’t believe this is 
appreciated in the industry 
y endorse the authors’ conclusion that wattage 


compensation for horizontal lamp operation is the logical 
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erested; to present data obtained with a standard imped 


choice. The main reasons for this choice are lower lamp, 


of ballasts in ance; and, to present the results using the latest in ballast 


luminaire and ballast temperatures. The use 
tegral with the luminaire gives rise to the possibility of development 


especi illy severe lamp, luminaire ind ballast heating } Referring to Mir Martt’s question regarding volt drop be 


the inereases in initial lumen ratings and improved tween vertical and horzontal operation, drop of 2.! 
1 r 


maintenanee, wattage compensation is an entirely legi elie normal r Ip In reference 


choices the results are 
ie dlagrams is to 
H A BREEDING Phis D liens _ ’ ign PON Ww { horizontal position, 
the subject for the 400 = , o draw ad , would illustrate this point 
the results confirm that Dp f { ely y. . ' uber of isobright 
to tha — , ‘ ings lé p re 0 data and those pre 
ite similar for this 
’s curve shows that 
see-hase right 5” from the « f the are is 16 per 
on, tn thy ! I ‘ fhest measures uf Similarly, using 
between the sense ri : t an 4 ( it 5 mm from 
positions for igh the H3 
varies less 
tion in 
approaches tl 
sat This me 
‘*horizonta 
the higher w : j my he ’ e inve i. epends ni 
Van Dusen’ ap ) t g glassy } , ages ; "Be » tnee he tonnes 
with the type 
lifferent 


subject 


ject for ASA work toward wattag ‘ 11z . i +, 1 ” : bo all + e do 


There are, of ou , thermal provi ‘ ’ 5 t 1 t mre , ist yItage hori 


positive need \ i I ! ru ime tr eomt ‘ the ‘compensation ’’ 


indardization, espe ’ ! t I : 1 ‘ ‘ | ‘ eri ‘ iceepted and 
mum luminaire ‘ » 1 ( itta ‘ alw en considered that 
standardization tic er on of m« ’ m ! ‘ he pur 
The ballast tests reported in F 
ire on the rated wattage basis, ‘ ui ‘ . | r} ‘ hether eompensation could not 


well as ourselves, now work on th i Tl np desig e effected bao } rT e. These two approaches 
ers, too, will probably prefer the rated \v ge approac! . : ou inion that these 
since that was the basis for the design. 


From the owner ’s standpoint the 


I since mean 


proach should be reasona 
identieal at rated watts f horizontal and 


tion with H33 lamps ith ld cathode , . - lamp cost 


lumens were much h ! ) yrizontal operatior ited ' wale , for open cireuit ge on the various 
l 


T ’ ‘ ¢ ‘ th , ; 
watts Therefor ny . rated wattage t t ‘ ire those recommended by the manufacturer, 


egitimate to draw conclusions 


he all-around best solution ef j ‘¢ would not be 
One question arises about Fig. 6. The lamp performance ls obtained outside the limits for which these de 


shown indicates that the ballast design has approximately - e designed 


300 OCV, assuming the cireuit shown in Fig. 8b li ce the curves presented are not parallel lines, arith- 


At 240 OCV, the autotransformer cireuit would give | v« combinations of values selected from the curves cannot 


performance almost identical to that of the reactor, ' T alues must therefore be determined from the 
My question is, do the authors believe that 

necessary for the H33 lamp? Mr. Laughlin’s comments concerning the advantages of 
1. Van Dusen. H. A.. Je earch on Rts the regulated output ballast are indeed apt 

Breakage,” ILLUMINATING ENGINEERING, Vol. L ; ) garding Mr. Breeding’s discussion, the authors did not 
IT, p. 15 March, 1961 ' 1 to imply that 300 OCV is necessary for the H33 lamp; 
M. C. Uneiert:** We must apologize to Messrs. Noel and oun o test an available standard commercial 
miiast 


Martt for not referencing their fine paper on a similar sub : 2 
\ minimum open cireuit voltage of 225 volts rms will 


ject prese nted in 1955. It was felt, however, that a review ‘ 
: . start H33 lamps reliably at temperatures down to —20F. 

and re-evaluation of the subject was timely to present the nae 

Anv higher values of voltage will, of course, affor rreater 

results obtained with the new improved electrode (which is , ‘ S or ¢ , e, allord gre 

protection against drop out resulting from voltage dips. 

fast becoming standard) in which many people are now in 7 : 

7 Finally, we are glad to see the unanimity among the dis 

General Electric Co Outdoor Lighting Department, Henderson cussers concerning the proposition that wattage compensa- 

ille, N. ¢ 

: be 


**Oo-author tion recommended as standard. 
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40-Watt Fluorescent Lamp with 
Higher Light Output 


years in which the 


10-watt fluorescent lamp has been in use, 


resulted 


most ot 


the increases in light output have from 


better phosphors and improvements in 


Although mu 


processing 
technology h thought and effort has 
introduce 
been 
essity to provide proper perform 
The 


lamp stimulates a 


been devoted to better lamp ae signs, the 


tions of many promising improvements has 


limited by the nec 
ance in existing lighting installations exten 
sive application of the 40-watt 
desire in the lamp turer to 


manura incorporate 


into this lamp improvements based on new knowl 
edge, new developments and improved technology 
However, a serious handicap is imposed by the 
requirements that the lamp must start and operate 
installed 


Ong as 


satisfactorily on presently ballasts, some 


of which were designed as 


ago. The 


rapid-st 


twenty years 


consolidation the swite and 


art types into a single universal lamp fur 


ther increases the problem by requiring satisfactory 


operation on two different ballast circuits. Ever 


though these limitations are present, several 


new 
Teatures have been 


design 


into the 


essfully incorporated 


10-watt lamp with a resultant substantial 


mer 


ease in light output and lumens per watt 


Lamp Design Variables 


Once the physical « ns and ballast becom« 
| 


fixed design variables 


ior a lamp typ the o1 ly 


other than phosphor, available for further im 
provements are the el trodes 


filling gas 


to a lamp of the 


filling gas pressur: 


and ompos rior (oF the 


iST12 


filling gas and ; the ele 


40 watts input 
about one-third is 
dissipated in the trodes 


None of this 
’ 


of light, and the magnituds 


contributes dire e production 


losses offers 


pot ntial opportunities inereases in 


lamp lumens per watt 


Filling Gas Pressure 


The deere 


ssure 


reduced filling 


rus pr 


Shorter lamp 
f the 


1960 Pitts 


0 4 


Hiaher Output 
} 


By DONALD D. HINMAN 
ROBERT S. FOX 


Of the 40 watts input to this size of fluores- 
cent lamp, about one-third is dissipated in 
the filling gas and in electrode losses. None 
of this contributes directly to the production 
of light. A reduction in the pressure of the 
filling gas, and the addition of large area 
anodes, reduces these losses by approximately 
two watts with a resultant increase in lumens 
per watt. 

A practical combination of these design 
changes results in increases of five per cent 
or more in lumens and lumens per watt. This 
is independent of, and in addition to, any 
gains achieved by improved phosphors. 


life' and a higher rate of lumen depreciation at 
lower pressures have dictated the use of pressures 
higher than the optimum from the standpoint of 
efficiency of power conversion. The history of 
fluorescent lamp development shows a steady de 
cline in filling gas pressures, paralleling improve 
ments in cathodes, phosphors and lamp processing 
technology. Whereas a filling pressure of four or 
five millimeters was essential for the earliest lamps, 
three millimeters, or 


IAN pre Ssures of two to 


even lower, result in a better over-all lamp design 


3 
MM ARGON 


Figure 1. Effect of filling gas pressure on watts of a 


48T12 lamp at 0.43 amperes. 
Hinman Fox 
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' WATTS 


DECREASE 


4 6 
ANODE AREA IN SQ. CM 


Figure 2. Effect of total anode surface area on watts of a 
48T12 lamp at 0.43 amperes. 


A reduced then, 


means of decreasing non-light-producing power in 


filling pressure, provides one 


the lamp. 


Anodes 


The electrodes were also noted as a large con- 


sumer of input watts. The lamp electrodes are 


both cathodes and anodes, performing the two 
functions alternately as the lamp current reverses 
Power is consumed at the electrodes 


A known but 


in direction 
both as an anode and as a cathode 
not fully exploited characteristic of anodes is th 
decreasing losses with larger surface area. The 
decrease in lamp watts for anodes of various sizes 
is shown in Fig 2 The computed area includes 
both surfaces of the anodes at each lamp end, but 
not the area of the normal mount structure 

Thus, there are two ways by which the lamp 
input watts can be reduced: lower pressure and 
larger anodes. Because of the effects upon other 
lamp characteristics, it is not possible at this time 
to take full advantage of all the savings which 
might be indicated. However, reasonable com- 
promises result in a decrease in input of about 
two watts without any loss of lumens. This can be 
achieved, for example, by using a filling pressure 
of 2.5 mm and an anode area of five square centi- 
meters. In fact, light output is increased slightly 
because lamp current increases and because lower 
pressures result in a small lumen increase at the 


same current. 


nd 


illing Gas Composition 


Although lamp lumens per watt can be increased 
by such means, the cost of light is more dependent 
upon the initial cost of a lighting installation than 
upon expenditure for electrical energy and, conse- 
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quently, the lamp lumens per watt. The quantity 


of light produced by each lamp is of major im- 
portance ; cost of light in dollars per million lumen 
hours varies inversely as lumen output.*,* The 
lamp which has been considered here with its lower 
input watts would have still more value if the 
input watts were increased to the original value, 
with a corresponding increase in lumens- Another 
design variable, filling gas composition, does per- 
mit an increase in lamp watts at nearly constant 
lumens per watt. 

The combination of argon gas with mercury 
vapor is used in most types and sizes of fluorescent 
lamps. Other gases or gas mixtures are used to 
advantage in a few lamp sizes because their char- 
acteristics are suited to a particular set of condi- 
‘*40-watt’’ 48T12 lamp with 
situation 


tions. The modified 


reduced represents a special 


Here, it is desirable to restore the input watts of a 


wattage 


lamp of fixed dimensions back to a previous level 
for operation on existing ballasts. The addition 
of neon to the filling gas provides the characteristic 
of increasing lamp input watts and light output. 
Lamps with various additions of neon to the filling 
gas were measured to determine their character 
isties (Figs. 3-5). At constant current, the increase 
in lamp lumens is proportional to the per cent neon 
in the fill gas. Lumens per watt are nearly constant 
in the range of zero to 50 per cent neon. The 
precision of these data is not sufficient to determine 
the shape of the curve, although there is some 
indication of a maximum near 30 per cent neon 
With higher proportions of neon the lumens per 
watt tend to decrease toward the value previously 


reported for 100 per cent neon.’ 


Lumen Maintenance 


While neon filling gas provides characteristics 
which are useful in this particular lamp design 


WATTS 


IN 


NCREASE 


O+- 


%Ne 0 ie) 20 30 40 50 70 60 
%A 100 90 80 70 60 50 30 20 


0 


Figure 3. Effect on neon-argon filling gas on watts of a 
48T12 lamp at 0.43 amperes. 


Hinman-Fox 





of 94 : 
% Ne ; , %Ne 0 10 20 30 40 50 60 70 80 
%A ’ ? : 2¢ %A 100 90 80 70 60 50 40 30 20 


Figure 4. Effect of neon-argon filling gas on the relative Figure 5. Effect of neon-argon filling gas on the relative 
light output of a 48T12 lamp at 0.43 amperes. lumens per watt of a 48T12 lamp at 0.43 amperes. 


problem, all aracterist be give commercial ballast at rated line volts to the light 
careful consideration. The lower neon output on a reference ballast. A careful analysis of 
argon mixtures generally result a faster lume! a number of lamp design variations has shown that 
depreciation during th of a f ‘escent lamp the lumen ratio of typical commercial two-lamp 


than with argon at th e pl re. However. rapid-start ballasts is very sensitive to lamp filling 


pressure. This is a result of the mutual effects of 


because ¢ I L i ‘ate ofl today "s 
phosphors 1000 hours non-linear impedance characteristics of the ballasts 
will be only on and of the short deionization time of lamps with 
with 30 per low filling gas pressure 
all-arvon lan Two different commercial 40-watt, two lamp 
series rapid-start ballasts show a decline in lumen 


eOuUunrse be highe ) lamy l 0 tl rough 
out its life o with argon filling gas pressure as shown in 


7. In addition, one of the commercial ballasts 


Lamp Life a greater loss in lumen ratio for neon-argon 


Is unde 
sirable f l is to rea the cathode fall 
because ‘ reat ion | the eathode 
region 4 r the nor ] Iront o he athodes 
is not 
violet 
a resultant 
designed whi n 7 t difficulties and 


provide Ss sat i Ol i lif “ie. 6 


Lumen Ratio 
Although | she é mn ri os are based upon 
reference ballast f ement t is Important to 
know the effect ni ‘ ! F ve upon opera 
tion with commercial | F The usual measure 
r . ere llae« earform: ny S . e = P 
of a commercial ballast ‘men is the lumen Figure 6. A new electrode design with anodes for use 
ratio. This is the ratio of lamp light output on a in 40-watt lamps with neon-argon filling gas. 
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© ARGON 


x 35%Ne-65%4 


2 3 
MM PRESSURE 


Figure 7. Effect of lamp filling gas pressure on the 
lumen ratio of two typical commercial 40-watt rapid- 


start ballasts. 


mixtures of less than 2-5mm pressure. 


the difference 


neon-argon mixtures is negligible 


For higher 


pressures between the argon and 


Thus, a neon 
argon lamp of approximately 2.5mm pressure has 
ratio as an argon lamp of the 


the same lumen 


Same pressure. 


Conclusions 


A practical combination of these several design 


parameters—lower filling pressure, larger anodes 


and addition of a small percentage of neon—results 
in increases of five per cent or more in lumens and 
lumens per watt, without changing the lamp input 
d add 


to, any gains achieved by improved phosphors 


watts. These increases are independent of, a1 
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DISCUSSION 


E. F. Ketiey:* The authors have exniored the factors that 
affect the parameters of fluorescent lamps and have shown 


*Champion Lamp Works, Lynn, Mass, 
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not only the effect of each, but also the magnitude of each. 
The part played by anode size is most interesting and de 
serves further study 

ballasts is 


older type 


The operation of this lamp on the I 


not quite clear to me. There are many preheat ballasts in 
service and it seems important that lamp operation on these 
ballasts be complete satisfactory 

The choice of designation of lamp type used in the paper 
s not the best because 


48T12 is usually used to designate 


slimline lamps 
Does the introduction of this lamp mean that it is to 
have a different catalogue number and perhaps a premium 
price? If _ it might be preferable that it be considered an 


verslor 


I 
of the F40 preheat-rapid-start lamp, thus 


mproved 
ivoiding the addition of another lamp to be catalogued and 
stocked, which would nullify the advantages gained by com 


‘40T12 preheat and F40T12 rapid-start 


lamps. 


Messrs 


ion of factors resulting in a more effi 


Hinman and Fox have indicated 
extremely gratifying that they have com 
commercial ballasts so that the re 

g ballasts. 
advances shown in this 
of the difficulties which appear to be 
amps. According to others, the pres 


ym has at 


endency to create distortion 

hape. This distortion either has 
observed by the authors or has apparently been 
If the latter is 


ode voltage drop is a 


modification of the anodes. 


with which commercial 


ight output with good 


in correcting wave 
ns. The introduction 
in other lamps could result in savings in 
mproved ballast characteristics. The improvement 
characteristics that would be obtained with modi 
1) 


fied lamps could result automatically is 


higher light output 


from these imps even though the wattage of the lamps 


would droy The increase in efficiency and the total increase 

would be greater than is indicated with a 
It would mean an automatic increase in 
cent light output of the commercial ballast as com 


the reference ballast 


The authors have presented a clear outline 
be done to the 40-watt lamp to inerease its 
oOo some 


extent. The method used is straight 


forward; reduce rare gas fill pressure, reduce anode 


voltage drop, bring lamp wattage back up to rated value by 
adding the proper concentration of neon to the gas fill at 
reduced pressure. The question then arises as to whether 
these design modifications will allow the lamp to give more 
light output without impairing its performance. The per- 
formance of the lamp will be judged ageinst that of the 
lamp it must replace; namely, the standard 40-watt lamp. 

Our experiments indicate that, at the low loading of 10 
watts per foot, the addition of neon to argon fill will, in 
any concentration, reduce the positive column efficiency. 
However, the over-all efficiency of a short lamp, such as the 


four-foot source in question, seems to remain constant with 


*Advance Transformer Co 
**Sylvania Electrix 


Chicago, lll 
Products Inc., Danvers, Mass 


Hinman-For 





concentratior 


Is the basie reason for this depreciation 
ul the 


derstood? The implication seems to be that the phosphor 
l s responsible Finally, I would like to know whether 
iuthors consider changes in bulb geometry to have any 
40-watt fluorescent lamp or is this limited 

hly-loaded lamps? 
fact that special attention was directed toward the 
operation of the improved lamp on various existing 
in my opinion, an especially com 


aper 


S. Fox:* The 48T12 designa 
rest slimline lamps, but only 
variations reported were 
improvements reported in the 
a premium price. It is con 

f the standard lamp and has 
© distinguish it. The published 
white is 3100 lumens 
upon phosphor 
yes diseussed 


the positive ion heating 


lower-mass-per-unit 
during lamp 
ctory emitting 
luring oper 
iture. Va 


ons result 


service and longer 


on rapid 


FS.400 


enance 


venetrati 


int damages . ' different 
treatments 

among lamps of a single 

tion greater than the 

and old designs. The 


liseolorat 


ion in standard 
in this new lamp 
are interesting possibilities but 
this paper 


xperien indicates that it is not possible to gen 


er 7 bout the effects of lamp 


design changes upon 
erforn with all ballast 
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Design and Characteristics of 


APERTURE FLUORESCENT LAMPS 


Design Factors 


design of a 


fluorescent light source of small area and high 


The obvious approach to the 


brightness would be to decrease lamp diameter and 
Hlow- 


ever, this design would have serious disadvantages 


increase phosphor loading, i.¢., watts/inch? 
such as poor lumen maintenance, low total lumen 
output, low luminous efficacy, problems with mer 
cury temperature control, excessive end discolora 
tion and a need for special ballasting. A bette 
approach to the same problem would be to modify 
an existing fluorescent source in such a manner as 
We have observed 


that the phosphor brightness on the interior of a 


to overcome these disadvantages 


fluorescent lamp is much greater than the bright 
ness observed on the exterior This leads to the 
conception that if a small window or aperture were 
to be cut in the phosphor coating the high internal 
brightness would be revealed and could be utilized 
in luminaires of proper design. Since interior 
brightness is a function of the interflections in the 


tube, the aperture must be made as small as prac- 


PHOSPHOR COATING 


GLASS WALL 


REFLECTOR 
COATING 


a 


Figure 1. Cross section of aperture lamp showing geom- 
etry of construction where aperture width is a function 


of angle a. 
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By C. L. TOOMEY 


Control of light distribution of a fluorescent 
light source is usually a direct function of lu- 
minaire design. Good luminaire design can be 
more easily achieved when the light source is 
very small and extremely bright. This has been 
realized with incandescent lamps which ap- 
proximate the theoretical ideal point source 
of high brightness, thereby requiring little or 
no compromise in the optical design of the 
luminaire. Precise optical control has not been 
attained with fluorescent lamps because of 
their relatively large area and low brightness. 
Efforts to reduce the apparent area and to in- 
crease the brightness have resulted in the 
lamp discussed here. 


tically possible, so that the most efficient use of 
these interflections, as described in a companion 
paper,' may be made. It is desired that the lumi- 
nous flux be reflected back into the interior of the 
lamp to increase the brightness of the aperture. 
This may be accomplished by placing a high reflee- 
tance material between the phosphor and the glass 

A practical lamp embodying these features has 
been developed and is shown in cross-section in Fig. 
1. The design of this lamp, called the aperture 
fluorescent lamp, is based on the circular cross 
section extra-high-output lamp which is a light 
source of high brightness and good luminous effi- 
eacy. A 30-degree aperture cut into the phosphor 
and reflector coatings of this lamp along its entire 
length will show an aperture brightness of approxi 
mately 24,000 footlamberts; when phosphor alone 
is used, the aperture brightness will show a decrease 
to approximately 12,000 footlamberts. Titanium 
dioxide is used as the reflector material because it 
has good reflectivity in the visible light spectrum 
and because of adaptability to mass production 
techniques. Fig. 2 is a curve of aperture brightness 
versus reflector density. This curve shows that an 


A paper presented at the National Technical Conference of the 


Illuminating Engineering Society, September 11-16, 1960, Pitts 
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Figure 2 (left). Brightness vs titanium dioxide reflector den- 
sity for the 30-degree aperture lamp. 


Figure 3 (below). Aperture lamp luminous maintenance vs 
life for regular glass and special glass. 
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increase in density or opacity of the reflector ma- degree aperture and titanium dioxide reflector 

terial results in an increase in aperture brightness material. In some cases it may be desirable to in- 

Table | shows the relative efficacy of various com crease the aperture angle. The larger aperture 

patible reflector materials used with a 30-degree makes luminaire design less critical, but some sacri 

aperture lamp; titanium dioxide was the material fice in distribution control will result. 

ultimately chosen The electrical characteristics of this lamp are the 
The discoloration of ordinary lime glass under same as those of the 1.5-ampere extra-high-output 

the action of the highly active mercury are is very fluorescent lamp. Therefore, it will operate on 

severe. By virtue of the inherent design of the commercially available ballasts 

aperture lamp, the glass does not have the protee 

tion of a phosphor layer and it would, therefore, be 225° 180° 

correct to assume that poor maintenance would re 

sult. However, with the use of special glass the 

maintenance is no different from that of the regular 

extra-high-output lamp. Fig. 3 shows the compari 

son of the maintenance of aperture lamps with and 


without special glass 


Performance Characteristics 
Consideration of the foregoing design factors re 


sulted in an extra-high-output lamp having a 30 


CANDLES 


TABLE I—Relative Efficacy of Various Reflector Mate- 
rials Used with 30-Degree Aperture Lamp. 


Reflector Materia! Aperture Brightness (Footlamberts) 





: " 
Titanium Dioxide 25.000 L 





Zirconium Dioxide 


Phosphor 22,00 Figure 4. Candlepower distribution for 30-degree, 60- 
mugnenam Gate 7,006 degree and 90-degree aperture angles. 
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Figure 5. Candlepower distribution for 30-degree aper- 
ture lamp, 135-degree reflector lamp and regular extra- 


high-output lamp. 


Comparison of the candlepower distribution for 
30-, 60- and 90-degree aperture angles is shown in 
Fig. 4 


20 feet with a photocell and microammeter 


Measurements were made at a distance of 
These 
data show that the maximum candlepower peaks 
somewhere in the region of a 60 degrees. Fig. 5 
shows a comparison of the candlepower distribu 
tion of three extra-high-output fluorescent lamps; 
a 30-degree aperture lamp, a 135-degree reflector 
lamp and the regular extra-high-output lamp 
These data show the advantages of small, high 
brightness, directional fluorescent sources over the 
conventional relatively large area, low brightness, 
fluorescent sources for applications necessitating 
precise lumen control 

Fig. 6 shows the brightness distribution of the 
30-degree aperture lamp compared with lamps hav 
ing 60- and 90-degree apertures. The extremely 
high brightness and sharp aperture cutoff obtain 
able with the 30-degree aperture are in evidence 
here. It also shows how the brightness and cutoff 
decrease rapidly with increasing aperture angle 
Fig. 7 is another representation of the data shown 
in Fig..5 and, in addition, shows that the reverse 
brightness increases with decreasing a. Measure 


ments were made with a Pritchard Brightness 


Meter having 0.1-degree acceptance angle 


Applications 


The aperture fluorescent lamp can be used where 
narrow beam width and high beam candlepower are 
necessary to produce a controlled distribution of 
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Figure 6. Brightness distribution for 30-degree, 60- 


degree and 90-degree aperture angles. 


light flux. In applications where it is essential that 
all the light be directed below a chosen cutoff, such 
as in highway and runway lighting, the aperture 
fluorescent lamp is especially useful. Details of the 
application of this source to luminaire design are 
given in a companion paper.” 


Edge lighting of signs, lighting of ceilings and 
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Figure 7. Forward and backward brightness vs aper- 
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walls and building facade lighting also require the 
precise optical control obtained with the aperture 
fluorescent lamp 

The aperture idea is also being incorporated into 


lamps used for photoduplicating service where 


marked improvement in printing speeds and better 
In some 


control of useful light output is noted ap 


plications for photoduplicating service, machine 


design is more flexible since changes in light energy 
incident upon the paper can be accomplished by the 
relatively simple operation of changing the position 
of the leht rather than the 


sources complications 


incident to changing paper speed 


Conclusions 


This new family of small area, high brightness 


sources having the high efficiencies of the cireular 
cross-section extra-high-output lamps and excellent 
light 
the field of 


sources prov ide more 


addi- 
These 


useful light without sacrifice 


control of distribution are a welcome 


tion to fluorescent lighting 


in efficieney and will allow the luminaire designer 


more precision in his optical design. The applica 
tions of the lamp are many and provide architects 


and engineers with a new tool for their designs of 


Refere nees 


DISCUSSION 


iorescent Lamps Toomey 


Fr ished iu l ol I , on 
surface of ] i " ss effective 


luminaires of moderate 


and Montgomery,’ also indicate that losses of this order 


should be 
We 


expected 


would conclude that this serious loss will limit the 


ise of aperture lamps to highly specialized applications 


requiring small reflectors and/or sharp cutoffs. 


Interflections in 
LVI, No 


l Spencer, D. } and Montgomery, L. L 
ILLUMINATING ENGINEERING, Vo 
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Aper 


E. SWANSON It is noted from the data presented that 
the 


in aperture brightness. I 


material 
like 


uthor whether any measurements were made with 


im increase in density or opacity of reflector 


results in an would 


to ask 


1 reflector approaching complete opacity, and whether this 


increas 


the 


would materially improve aperture brightness. External 


reflectors of various shapes and sizes have been utilized for 


Have 


and outside 


this purpose in the industry. comparative data been 


obtained inside reflectors of the same 
the Reflector 


in the author provide some relationship 


between 


opacity? | eurve of Brightness vs 


oncerning 
Fig. 2, « 


irbitrary units of density chosen and the weight 


Density in 
between the 
of titanium oxide in a four-foot lamp? 


The data showing the need for a special glass because of 


the unprotected portion of the aperture raises an interesting 
lead 


activity of the mereury are 


known that certain glasses, such as and 


point. It is 


glasses, resist the 


extent. Would the author be able to provide 


anation of the actual mechanism involved in 


as against other glasses? Is 
the 


the discoloration of lime glass 


this « to the shorter wave length excitation, such as 


1840 line 


the 


or does the 2537 A play a more important 
curve of 


the 


a depression in the initial zero 


maintenance special glass shows a 


improvement over regular lime glass even 


ere appears to be 


Will the author elaborate as to the nature of 
inhibits discoloration ? 


the 


iss and how this 


consideration been given to use of 


s 50 wa 


tts per foot, rather than the 
foot of the present VHO lamp? 
Table 


lamp 


given in I for the forward 


iperture 22.000 footlam 


ined when a reflector coating of 


addition to the regular phospher 

bert figure is for a 30-degree 
phosphor coating 

it is obviously desirabk 

such coatings are difficult 


ds. Much 


sper progress is 

chniques 
material as effective as 

flector 


both the 


coating material 


r 
is ‘ 


inside and outsids 


With 


yroaching 100 per cent efficiency, calcula 


respect to a 
flector coating 
show that forv d brightness could be almost doubled 


ions 
reflectance for 


effective 


substituting cent 


per 


resent materi ‘ich j bou cent 


per 


iterial has not been found 
th the 

lumen output than has the standard extra-high-output 
We feel that 


s obtained at 


aperture lamp has somewhat lower 


imp however, more ‘‘useful’’ light output 


high efficiency because better utilization of 


ght output ean be achieved with a narrow line source in 


SIZE 
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Interflections in Aperture Lamps 


By DOMINA EBERLE SPENCER 
L. L. MONTGOMERY 


Through a theoretical formulation of the interflection 


problem in fluorescent lamps in terms of an integral 


equation and the solution to this equation, this paper 


shows how fluorescent lamps many times brighter than 


normal are possible, with no increase in power input. 


As IS WELL KNOWN, the advent of the 


fluorescent lamp was a great step toward the pro 
duction of better visual condition in general light- 
ing- For special applications, however, the advan 
tages of the conventional lamp may become disad- 
vantages. In particular, if a narrow beam is to be 
obtained, the large area of the fluorescent lamp 
offers a severe handicap when compared with the 
incandescent lamp. Ordinary fluorescent lamps are 
admirably suited to a structure such as a luminous 
ceiling, where no control of the light output is at- 
tempted. But for a device requiring sharp con- 
trol, such as the automobile headlight, present 
fluorescent lamps are entirely inadequate 

A mathematical study of interflections within 
fluorescent lamps shows that the lamp suitable for 
applications requiring sharp control has a long, 
narrow, transparent slit or aperture. The photo 
metric characteristics of aperture lamps are pre 
dicted : 

(a) Within the aperture the lamp may be sev 
eral hundred per cent brighter than conventional 
fluorescent lamps which are operated at the same 
power input, 

(b) With suitable reflecting materials, a major 
part of the luminous output of the aperture lamp 
is radiated through a very narrow slit. 

Thus, aperture lamps provide a very bright, nar- 
row, one-sided source of light and open up a wide 
range of new applications. 

Lamps based on this theory have been construct 
ed. A brief description was given in a paper’ pre- 
sented to the Optical Society last October. A com- 
panion paper* at this Conference describes the con 
struction of aperture lamps and the photometric 
characteristics hitherto obtained in actual lamps. 


A paper presented at the National Technical 


Conference of 
Ituminating Engineering Society, September 11-16, 196 Pittsburg 
Pa. AvutTHors: University of Connecticut, Storrs, Conn., and 


vania Electric Products Inc., Salem, Mass 
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This paper is devoted to the theoretical formu- 
lation of the interflection problem in fluorescent 
lamps in terms of an integral equation and the so- 
lution of this equation. The photometric character- 
istics obtainable with optimum materials are de- 
scribed. An understanding of the results of this 
investigation is needed by both lamp manufacturer 
and luminaire designer in order to realize the full 
potentialities of the aperture lamp. 

It is hoped that the aperture lamp will be em- 
ployed in a broad range of applications: automo- 
bile headlights, floodlighting of runways, bridges, 
low-mounted and _ high-mounted 


walls, ceilings, 


street lighting, cove lighting, indirect lighting, 
and even in the design of shallow luminous ceilings 
and luminous walls. Some of these applications are 
described in a companion paper-* 

In this paper, the theoretical possibilities of con- 
trol with the aperture lamp are illustrated by pre- 
senting a summary of the characteristics of a fam 
ily of reflector-lamp combinations described in a 
paper* presented to the Optical Society last April 
While the previous paper employed an exact speci- 
fication of the characteristics of the family, this 
paper identifies a luminaire by giving the effective 
height of an equivalent rectangular source as a 
function of angle, in agreement with the new pho- 
tometric methods suggested for photometry of fluo- 
rescent luminaires.® It is shown that fluorescent 
luminaires with beam widths from a fraction of a 
degree up to nearly 60 degrees are members of this 


family. 


Interflections in Conventional Fluorescent 
Lamps 


First consider the interflection problem in a very 
long cylindrical fluorescent lamp with a uniform 
coating of phosphor (Fig. la). It will be assumed 
that this phosphor layer acts as a perfectly diffuse 
surface to both reflected and transmitted light. The 
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of 
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Figure 1. Cross sections of very long fluorescent lamps. 
(a) Conventional fluorescent lamp completely coated 
with phosphor, (b) 


window subtending angle a at center of lamp. 


Aperture lamp with transparent 


ultraviolet light radiated by the mercury are is ab 
sorbed in a very thin layer on the inside of the 
phosphor coating. Since the attenuation coefficient 


in the visible is only 0.003 times the attenuation 
coefficient in the ultraviolet, the appearance as 
viewed from either side is as though all the visible 
light were radiated from an infinitesimal layer on 
the inside of the phosphor coating. This layer is 
eovered by a diffuse layer having reflectance p and 
transmittance +r for visible light. If there were no 
interflections, and the radiating layer could be 


viewed in free space from either side, it would have 


an initial helios H 


of a converging lightcone at the receiver 


brightness, if defined in terms 


The ap- 


pearance of the inside of the lamp, including inter- 


flections, is specified by H,,, while the appearance 
of the outside of the lamp is specified by H,. The 
number of lumens per unit area incident on the 
inside of the phosphor surface is called D. By sym- 
metry H,, H,, Hy, and D are independent of angle 


The fundamental equations, in which the effect 


72 


| 


Ratio of H to H 


conventional fluorescent lamp, calculated from Eq. (6). 


Figure 2. versus reflectance, for 


Interflecti ys Lamps 


lperture 
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of H, is added to the effect of interflected light, are 


H, rH, tH ,,. 
Hu, = D = H, (1+p o D. 


Solving these simultaneous equations, we have 


H, (1+ p 


p 


Hy, D 


27H 


H, = 


The total number of lumens radiated from a circu- 


lar-cylinder lamp of radius a and length / is 
F, 4ral H, 


In most phosphors, losses are very low. Prac- 
tically all of the visible light is either reflected or 
transmitted. If it is assumed that there are no 


losses, 


and from Equation (2 


and 
Hi 
H, 


In Fig. 2, H,,/H,, is plotted versus reflectance p 


from Equation (6). If the reflectance is less than 
14, the outside of the lamp is brighter than the in- 
side. But for reflectances greater than 1%, the inside 
of the lamp (which cannot be viewed directly in a 
completely coated lamp) is brighter than the out- 
side of the In typical conventional fluores- 


cent lamps, the reflectance is about 0.50 and the 


lamp. 


inside of the lamp is 1.50 times as bright as the 
reflectances, this value in- 

0.90, Hy,/i;, 9.50: at 
0.99. 


higher 
creases sharply. At o 
2 0.95, H,,/H, 19.5 while at p 
H,,/H, 99.5, 


In a fluorescent lamp, the really bright surface 


outside. For 


is the inside of the lamp. But this surface is en 
tirely concealed from view. The surface normally 
viewed is the dull back of the phosphor layer. 
Note that all of the visible light generated in the 
radiated from the 


phosphor layer is eventually 


lamp if +r ] p. This is true whether p = 0.50 
or 0.99. The foregoing analysis can be applied with 
out modification to the visible light generated in 
Therefore, the color of the 


inside and outside of the phosphor layer will ap- 


the are stream itself. 


pear to be identical combinations of mercury spec 


trum and continuous phosphor spectra. 


Interflections in Aperture Lamps 


In an aperture lamp, the bright interior is visible 
through a transparent window. The aperture sub- 


tends an angle a at the center of the lamp, Fig. 1b. 
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The remainder of the lamp is covered with the best 
available reflective coating, on the inside of which 
is the usual phosphor coating. As before, ultra- 
violet from the mercury are is absorbed in a very 
thin layer on the inside of the phosphor coating. 
The resultant helios (brightness, if defined in terms 
of a converging light-cone) of both sides of this 
layer without interflections is H,. The reflector 
portion of the lamp, including both reflective coat- 
ing and phosphor, has a diffuse reflectance pr and 
transmittance rz. The appearance of the outside of 
the reflector portion is specified by Hy(s) and that 
of the inside by H;p(s 
lb 

The integral equations are 


. where s is an angle (Fig. 


a 


+ pr | K s.f Hip t dt, 


Hy, H,(1+4 


a 


Hp s trl, t re | Ki s.f Hip t dt. 


aje 
From the unit-sphere method,® it is readily shown 
that the kernel is 


K sf 


Substitution of Equation (8) into Equation (7 


vives 


Hin(s)=H.(1+p re, Hl sin |—— | dt 


> 


2 | “8 ; s—t 
yy | Hix t sin( = )at 


GQie« = 


=H.(1 Tp) 


at a/e - t s ' 
+ | Hin(t sin( . Jat | 


or since 


, s t 8 s . t 
sin 7 = > > . 9 sin 9 
Ping s Pe 
sin 5 = > sin >? 


“» f 
| Hyip(t cos 5 
- > 


a/2 - 


Hip(s)=H,(1+ )- 


~ = 


cos : | Hie 


a/2 


= 8 " 2 i 
t) Sin aat tT COS> | Hip(t sin a 


a/2 - -Js 


 @ syae-er t 
- sin = | Hin(t cos — dt 


If the solution of Equation (9) can be expressed in 
closed form, one would expect it to be a linear com- 
bination of trigonometric functions. From the sym- 
metr: of the problem, it is clear that the solution 
must be an even function of s. Thus, a reasonable 
assumption is 
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ks 
B cos —. (10) 


Hips 


Now substitute Equation (10) into Equation (9) 
and see if A, B and k can be determined. The re- 


sulting values are 


A \ ] PR 
H 





Since the constants can be determined uniquely, 


the solution of Eq. (10) is exact. Simplification 


gives the complete solution of Eq. (7) in the form 


H, (1 + pr) == 
Hip (8 PR | 1 — pe E con® PR 


i — pe 
Benin 


H trmaz 


i= a 


> \ 
1 — pr E cos — = (r— 


ote A, E 
(] —— OR ie 


tr H, 

1 — pr 

tr H, 
(1— pe) 


and 


Hrs 


H pemin 


: 


Ww here 


E 2 sin a/4 


_— _ 
| 1+ V1 PR cos(7 ¥ = 


1 4+-+/1 — ae) 
+-(] — V l PR cos( \ = 


The total number of lumens radiated through the 
back of the reflector is 


Pr=2al| He 


a 


(s) ds. 15) 
Substitution of Eq. (13) into Eq. (15) gives 
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of H to H 


reflector 


Ratio 


reflectance p, of 


Figure 3. 
versus Figure 4. 
coating, for various aperture lamps 
reflectance px, 


(l2a). 


whose opennigs subtend an angle 
, caleulated from Eq. (12a). 


lumens 


both 


perfectly 


The total number of radiated from 


sides oft the phosphor Is ASSUMING a 


radiator 
17 
phosphor 
18 
19 
where F, is 


through 


19 


lumens radiated 


Eqs. (16 


number of 


the total 


rture through 


the ape 


llowever, since F ! only on and a, and 


there are losses 
holds whether 


Eqs. (17 


is entirely i dependent of whether 
it, Eq 20) 
18 Is satisfied or not Also 
a diffuse 


phosphor or ne 
from 
Tor 


we have, radiator 


Theoretical 
ealeulated from Eq 
ind 4. The effect of 


curves 


24 Interflectio perture Lamps 


Ratio of Hee», 
aperture angle for various values of 
calculated 


Spence 


20 140 160 80 200 220 260 260 Be0" 
= 
o£ 220 260 a60 ae0° 


Ratio of Hirnin to Hirmes 
for inside of lamp as a function of 


Figure 5. 
to H, versus 
aperture angle a and reflectance p., 


Eq. ealeulated from Eqs. (12a) and 


(12b). 


from 


helios of the inside of the lamp is here illustrated 
In Fig. 3, data 


reflectance of 


are plotted as a function of the 
the reflector coating pr for lamps 
These 


emphasize that for all apertures, the inside of the 
bright 


with various aperture angles a. curves 


becomes 
Fig 


function of 


lamp very when pr approaches 


unity. In 4 the same data are plotted as a 
angle for various values of 


high 


one-per 


aperture 
reflectance pr. At 


small 


very reflectances and at 


aperture angles, a cent change of 


reflectance may increase Hjpmin by amounts up to 


100 Thus, 


aperture lamp, small changes in reflectance have 


per cent for the brightest possible 
surprisingly large effects 

Equation (12) shows that, with a perfectly trans- 
parent aperture, the inside of the lamp does not 
appear to be uniform. It is brightest at the edges 
of the aperture and has its minimum at the center 
of the reflector 


Fig. 5, 


large 


coating. However, as shown in 

this departure from uniformity is never 
For very large and for very small apertures, 
the inside of the lamp approaches uniformity. The 
non-uniformity is greatest for intermediate values 
At a= 140) 
is still less than 


30 degrees it is always 


of a and for very high reflectances 


degrees the maximum variation 
20 per cent while at a 
less than 10 per cent. If the window is made of 
glass (whose surface has not been coated to elimi- 
nate surface reflections), this variation may not be 
observable from outside the lamp. The maximum 
must be viewed at angles at which Fresnel reflec- 
while the 


angles at which Fresnel reflections are small. 


tions are large, minimum is viewed at 


Corresponding data on the non-uniformity of the 
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Figure 6. Ratio of Henin to Homes for outside of lamp as 
a function of aperture angle a and reflectance p», cal- 


culated from Eqs. (13a) and (13b). 


exterior of the lamp are shown in Fig. 6. Calcula- 


tions are based on Eqs. (13a) and (13b). Qualita 
tively the effect is the same as for the inside of 
the lamp. However, the maximum effect is slightly 
larger, reaching 26 per cent 

Perhaps the easiest quantities to measure are 
Hirmin ANd Hprmis 
for the case in which there are negligible losses 
where Eq. (18 


Ratios of 10:1 are obtained if pz 


The ratio is plotted in Fig. 7, 


in the phosphor coating is valid 


= 0.90 and aper- 








Figure 8. Fraction of phosphor lumens radiated through 
aperture as a function of reflectance of reflector coating 
pe for various aperture angles a, calculated from Eqs. 


(17) and (20). 
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9 20 4 60 80 WO 60 180 200 220 240 260 280° 
a 


Ratio of Hie» 


aperture angle a for various values of reflectance pe, 


Figure 7. to Hemin as a function of 


caleulated from Eqs. (12a) and (13a). 


ture angles are small. An inerease of reflectance 
from 0.90 to 0.95 gives a ratio of at least 20:1 
At PR 


PR 0.99. it becomes 100:1 or 


0.98, the ratio is at least 50:1; and for 
better. By com- 
paring measured values Of Higmin/Hrmin at known 
a to Fig. 7, the equivalent reflectance of phosphor 
and reflector coating may be estimated. This meth- 
od of determining pg has the disadvantage that 


phosphor losses have been neglected. 


The purpose of an aperture lamp is to produce 


j 


80 200 220 240 260 a0" 
~ 





Figure 9. Fraction of phosphor lumens radiated through 
aperture as a function of aperture angle a for various 


reflectances px, calculated from Eqs. (17) and (20). 
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Figure 10. Reflector contours for a family of luminaires 


employing the aperture lamp. 


the brightest possible light source. Therefore, the 
success Of the lamp should be judged primarily on 
how large a value of H,;, can be attained. How 
ever, as conventional lamps are judged primarily 
on the number of lumens radiated, some study of 
this question for aperture lamps is also desirable 
As the aperture lamp contains a smaller phosphor 
area than a conventional fluorescent lamp, the 
total number of lumens F emitted by the phosphor 
will be less than for a conventional lamp, by the 
factor (1 a/2n 

A more interesting question is the fraction of 
the light 


From Eqs 17) and (20), the ratio F,/F was 


radiated through the aperture window 

calculated. Results are shown in Figs. 8 and 9 

In Fig. 8, the data are plotted versus pz for various 
| f 

If a high value of F,/F 


important to 


values of aperture angle 
is to be attained, it is particularly 


employ very high values of reflectance. For a 


$m— 


2 3 
Figure 11. Angle 3 of reflected light beam as a function 
of distance y below cut-off plane, for a single reflector 
with / 5/3 R and 30.-, 45-, 60- and 90-degree aperture 
lamps. 
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270 degrees and pg = 0.1, half the light will be 
emitted from the aperture (and half from the back 
of the lamp). The same fraction is reflected when 
a = 90 degrees and pr = 0-7, when a = 30 degrees 
and pp 0.9, and when a = 5 degrees and pr = 
0.985. The same data are plotted versus aperture 
angle for fixed values of reflectance in Fig. 9. This 
figure shows that if the reflectance approaches 1.00, 
then all light is radiated through the aperture for 
0.99, then F,/F would be 


better than 0.90 for a greater than 30 degrees. But 


all values of a If PR 
if pr 0.97, F4/F exceeds 0.90 only for a above 
76 degrees and for pg = 0.90, F4/F does not reach 


0.90 until @ is greater than 180 degrees 


Characteristics of a Family of Luminaires 
Using Aperture Lamps 

luminaires designed for aperture 
These 


luminaires are designed to provide the sharp cut- 


A family of 
lamps was described in a previous paper.* 


off characteristic of macrofocal conics when com- 
bined with conventional fluorescent lamps.‘ The 
same type of control of fluorescent-lamp output 
can be obtained by placing one edge of the aper- 
ture lamp at the focus of a specular parabolic- 
If the re- 
intersects the plane 


eylinder reflector as shown in Fig. 10. 
flector is extended until it 
through the edges of the aperture, then all the light 
emitted through the aperture will be reflected into 
the useful beam of light. The light which strikes 
the parabolic reflector will be reflected into a beam 
subtending an angle 6 whose upper edge is always 
parallel to the cut-off plane. The elliptie reflector 


at the top has its foci at the two edges of the 


aperture and reflects light into the aperture. For 





t/R«5/3 











Figure 12. Angle 5 of reflected light beam as a function 
of distance y below cut-off plane, for a single reflector 
with f = 5/3 R and I1., 5-, 10-, 20-, and 30-degree aper- 
ture lamps. 
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t/R=5/3 


n/Pi,,,, * 14/3 


dnl po ed 


40 so eo § 


Figure 13. Effective height h of equivalent rectangular 
source versus angle 5 below cut-off plane for //R = 5/3 
and (h/R) 
90 degrees. 


flector. 


14/3, for aperture angles from I! to 


Applicable for all points y = yaer of re- 


perfectly sharp cut-off, no light should be emitted 
through the back of the 
results can be obtained even if considerable light 


lamp. However, good 


is transmitted through the phosphor if suitablk 
baffles are employed.® 

This family of luminaires has an advantage over 
the macrofocal family.’ Suppose an aperture lamp 
is three times as bright as a conventional fluores 
cent lamp of the same power input. This advantage 
can be used in either of two ways: by reducing the 
size of the reflector by a factor of three or by 
reducing the power input by a factor of three. In 
either way the aperture lamp provides greater 
economy in controlled lighting 

It was shown previously,* that the output from 
the reflector family of Fig. 10, can be determined 
from a knowledge of the angle 8 of the reflected 
beams at each point along the reflector contour 
Position of points on the contour is specified by 
the distance y below the focal plane of the parabolic 
reflector. The lamp radius is R and the focal length 
of the parabola is f. Figs. 11 and 12 show values 
of 8 versus y/R for a reflector with f/R 5/3 and 
various aperture angles. For a 90 degrees, the 
entire reflector is filled for small values of 8. As 
the angle below the cut-off plane is increased, the 
width of the reflector that is filled with an image 
of the aperture decreases and gradually disappears 
at the top of the parabolic reflector. However, for 
smaller aperture angles, as 8 increases, both top 


MARCH 1961] Interflections in 


Aperture 


and bottom of the reflector become dark and the 
image finally disappears at some distance from the 
30 de- 


grees, the image finally disappears at a distance 


top of the reflector. For instance, at a 
y/R slightly greater than 1. 

A more convenient specification is obtained by 
determining the range of values of y for which 8 
is grater or equal to a given value and multiplying 
by cos 8. This is the height Ah of an equivalent 
rectangular source in a plane perpendicular to a 
given direction 8 below cut-off plane. This specifies 
the resulting distribution of light received at any 


point which is below a plane parallel to the cut-off 


bottom of the 
parabolic reflector. Fig. 13 shows a plot of height 


plane and passing through the 
of the equivalent rectangular source as a function 
of angle 8 below cut-off plane for a reflector whose 
maximum width is 14/3 times the lamp radius. A 
variety of curves of h versus 6 are obtained with 
a single reflector, by merely interchanging aperture 
lamps 

To the 


visualize 


illuminating engineer, accustomed to 


luminaire characteristics in terms of 


candlepower distributions, Fig. 14 may be more 
meaningful. It is a polar plot of the data of 
Fig. 13. At very large distances from the lumi- 
naire, a plot of A versus 6 has the same shape as 
a candlepower distribution curve. It has, however, 
the advantage that, whereas a single candlepower 
eurve cannot be used at all distances from the 
eurve of h versus 6 can be 
This 
entire family of luminaire characteristics are ob- 
reflector 


Other combinations can be ob- 


luminaire, a single 
expected to be significant at all distances. 
tained with a single and a variety of 
aperture lamps 
tained with other values of f/R 


Fig. 15 shows two of the curves of Figs. 13 and 14 


{/R=5/3 
(h/R) max 14/3 











a&=90° 


60° 
30° 

Figure 14. Polar plot of h/h.... versus 5. This curve has 
the same shape as a candlepower curve measured at very 
large distances from the luminaire, yet is significant 
at all distances. 
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Figure 15. Plot of effective height of reflector as a 
function of 4, for various distances | to the receiver. 
Except for small values of 5, the same curve of h versus 
5 is obtained at all distances. 


plotted to a larger scale and with additional data 
on the effect on A of the distance / from the lumi 
naire at which measurements are made. In the 
region between the cut-off plane and the plane 
parallel to the cut-off plane through the bottom 
of the luminaire, only that part of the reflector 
which is above the receiver will appear filled with 
an image of the aperture. Thus, in this region, A 
first increases nearly linearly until it reaches the 
eurves of Fig. 13 and then follows them at larger 
Thus, if the effective height of the 


reflector is measured as a function of 8 at various 


values of 8 
distances the curves can be expected to increase 
along different sloping lines for different values 
of 1, but follow the same curve after the y-coordi 
nate of the receiver ex eeds ue tor the reflector 
Conclusions 


‘he paper has shown that fluorescent lamps 


many times brighter than conventional fluorescent 
lamps are attainable with no increase in power 
input. This gain is effected by interflections within 
the lamp. The maximum that can be obtained de- 
pends on the reflectances of the phosphor and the 
With pr 1.00, all of the light emitted 


phosphor would be 


reflector 
by th radiated through the 
aperture. As this limit is approached, very small 
changes in reflectance will produce surprisingly 
large changes in H,;, and F,/F 


The paper has also described a family of re 


flectors that employ aperture lamps to provide 
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controlled fluorescent with no light above a given 
cut-off plane and with beam widths from a fraction 
of a degree to nearly 60 degrees. The extent to 
which the calculated characteristics can be realized 
depends upon opaqueness of reflector coating, pre- 
cision of aperture edges, specular reflectance of 
reflector, and accuracy of luminaire construction. 
It is hoped that many other applications of aper- 
ture lamps will be developed. 

We wish especially to thank 8. C. Peek of 
Sylvania Electric Products for his continual aid, 
understanding, and encouragement in the theoret- 


ical development of aperture lamp principles and 


for the opportunity to test these principles experi- 


mentally within a few days after the aperture 
lamp was first suggested. We also wish to thank 
Keith Butler of Sylvania Electric Products for 
material aid in the formulation of the physical 
assumptions on which this theoretical development 


IS based 
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DISCUSSION 


pE Borr:* As to the subject of this paper, as well as 
to those by Messrs. Toomey! and Peek,* I cannot help but 
feel some surprise that the so-called aperture lamps were 
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I doubt, however, whether the application possibilities of 
these lamps are really as great as the enthusiasm of the 


iuthors might lead us to expect 


N. V. Philips’ Gloeilampenfabrieken, Eindhoven. Netherlands 
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I ean hardly believe, for instance, that aperture lamps 
are to be considered as a serious proposition for automobile 
headlights, unless luminances at least ten times higher than 
the ones mentioned in the paper (22,000 fL) become avail 
able; notwithstanding the theoretical possibility, I very 
much doubt this because of the practical limitations of 
the available materials. 

I do not di ny that, both in roadway lighting and in light 
ing the landing mat of a runway, aperture lamps in well 
designed reflectors show a number of very promising fea 
tures. What I miss so far in the published information on 
these applications is how the surfaces to be lighted look 
when they are wet. On curves the luminance will be even 
straight 


better and more uniform than when dry. On 


stretches of road and runways, however, only rough and 
well-drained surfaces will render satisfactory results 
When we introduced these lamps in 1955, the possibility 
} 


of considerably reducing the light loss due to dirt in interior 


lighting by applying reflectorized lamps with the slit down 
ward proved to be one of the major features of the applica 
tion. Lamps of this type could, furthermore, make all those 
installations efficient where little or no reflection from ceil 
ings or deteriorated luminaires was to be expected. For 
further details, refer to the publication by Messrs. Balder 
and van de Weyer.” In view of this field of application 
interior lighting), we chose an aperture giving the maxi 
acceptable loss in total 


mum downward intensity with 


uminous flux and without loss in color rendering properties 

proved to be a slit width of roughly one third 
of the circumference of the lamp. With such a wide slit 
without fluorescent coating, the light emerging directly from 
the mercury-vapor discharge would give a nonacceptabk 
distortion of the color rendering in interiors For this 
] 


iorescent 


reason we only introduced lamps provided with a 


overing the entire inner surface 


= 
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nd van 


The authors present the mathematics behind 
the characteristics of aperture lamps. These characteristics 
ead to the attainment of very high brightness sources, which 
should be of great use in controlled lighting using linear 
SoOuUuTCYes 

The computations mad by the authors are of parti ular 
interest to me, since the problem is one which is particularly 
adaptable to solution by means of the Luminous Analog 


Computer. The limited checks I have been able to make to 


date have confirmed the results obtained analytically by the 
authors for the case of no losses in the phosphor 

In this mathematical treatment, the authors assume no 
osses in the system. This is done primarily to simplify the 


mathematics involved. This assumption is undoubtedly 
justifiable so far as the phosphor layer is concerned; it is 
my understanding, however, that commercially available 
lamps have, in addition, a reflective coating under the phos 
phor to raise the interior reflectance of the lamp and ther: 


fore raise its aperture brightness. Is it justifiable to neglect 


the losses in this coating and in the glass of the lamp itself ? 


Smoot-Holr 
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Interflections in Aperture 


If not, the ratios of internal to external helios will not be 
valid; rather, they should be generally somewhat higher 
than those given. 

It is stated that equation (20) is valid whether or not 
there are losses in the phosphor. This is quite true, but it 
should not be inferred from this that the ratio F,/F, given 
in the next equation and plotted in Fig. 9, is applicable to 
the lamp itself. In practice, F, will be of the magnitude 
calculated by equation (20), less losses incurred in passing 
through the glass, but F, will be reduced substantially by 


losses in the reflective coating and the glass. As a result, 


g 
for a practical lamp, the ratio of F, to F will be somewhat 


larger than for the phosphor alone, as plotted in Fig. 9. 


The equation for F,/F ean be modified to take these losses 
into account, at the cost of considerable additional com 
plexity If this were done, and actual values of the re 
flectances and transmittances for practical lamps were given, 
it would be of interest to see how closely the ratios agree 
] 


with those measured on an actual lamp. 


M. A. WEINSTEIN The authors make the simplifying as- 
sumption that the ratio of inside to outside generated bright 
ness e., brightness without interflections) is (1 + p)/r. 
According to available data, this is a considerable over 
estimate of the true value of this important ratio. 

How uniform is the aperture lamp near the ends? The 
calculation in the paper assumes, of course, that the lamp is 
infinitely long, so that end effects can be neglected. Actually, 
however, since the base and eathode structures in standard 
lamps absorb a large fraction of the light striking them, the 
brightness of the aperture lamp must decrease near the 
ends, and must rise to the calculated value only when the 
listance from the end is large enough so that the amount of 
generated reaching the end is negligible. Obviously, 
the greater the reflectance and the smaller the aperture 
ingle, the greater this distance will be, so that one would 
expect the end loss effect to be quite important in high 
reflectance, narrow aperture lamps. For example, in the 
imit of vanishing aperture angle one finds, using the ex 
ponential approximation to the interflection kernel for a 
cylinder of finite length, that with a reflectance of 99 per 
cent one must go about 23 tube diameters from the end 
before the internal brightness rises to 99 per cent of its 
imiting value. For a 48T12 lamp, this would give a net 
emission about 30 per cent smaller than that caleulated in 
the paper, and for smaller ratios of tube length to tube 
diameter the end loss would be even greater. What is found 
in practice? 

D. E. SPENCER AND L. L. MONTGOMERY The comments of 
the diseussers provide an opportunity to clarify several 
points not discussed in the paper. 

For Dr. de Boer we would like to explain the marked 
difference between the reflector lamp and the aperture lamp, 
which are two entirely distinct lamps. The reflector lamp 
is coated with the normal fluorescent powder over the entire 
surface. The aperture lamp, on the other hand, has a trans 
parent window, on which there is no phosphor coating. This 
window allows one to see the bright interior of the lamp, 
thus providing an exceedingly bright, narrow, uniform 
source of light. Consequently, the aperture lamp opens up 
a whole new field of applications where its narrow opening 


allows control of the light distribution 
General | Co., Cleveland, Ohio 
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Lamps 


1) 
originally 


and 


the 


e dark 


pe 


side of the reflector Hp depended on both p and r. At the 
suggestion of Dr. Keith Butler of Sylvania Electric Products 
Inc., it was decided to reduce the number of parameters by 
making the assumption that r—l—p. Absorptance in the 
phosphor is believed to be less than two per cent. As the 
transmittanes does not enter into the multiple reflections, the 
solution is not sensitive to small changes in absorptance. 
Our results for Hy, ind F, are independent of the value 
of the values for H, and F are in error by less than 
per cent 

The foregoing estimates also hold for the reflecting 
oatings. For example, with a very thick layer of titanium 
lioxide, the reflectance approa hes 98S per cent Therefore, 
the sum of absorptance and transmittance is two per cent 
ven for highly reflecting materia! joth phosphor layer 


vyer seatter the light rather than absorb 


ible losses is believed to be 


eglig 

1ecuracy of photometric measure 

Losses on passing through the glass are the usual 
encountered at all untreated glass surfaces. 


the use of thin film coatings 


wssumption that the light 

i thin layer of 

of the phosphor To 

expression was worked 

ir paper. Consider 

in the visible region 

so consider the light generated 
at a distance x from the inside 


direetly proportional to e~@ 


the lamp, with phosphor thick 


further attenuated by « a, r 
inside by a Integration over the 


the phosphor gives a ratio of 


helios as viewed from the outside without 

ind H,, is the helios as viewed from the inside 

interfleetions and rf ‘ '. For actual phosphor 

ings, a representative \ I 0.003 a,,, so the 
expression is essenti r to within less 

one per cent error Thus our assumption is justified. 

Dr. Weinstein also points out that the lamp is not strictly 
orm throughout its length. This is, of course, true for 

| fluorescent lamps. It is a variation that is ordinarily 
Experimental measurements on 

present aperture imps ive shown that this variation is 
vetually than ten per cent (exeept in the last four 
inches near heat shield and socket Thus the lamp is 
iniform withi the accuracy of most photometric meas 


irements 


und van de Weyer, M. H. A The "TL'F Lamp 
yrescent Lamp with a Directional Light Distribution,” 
Review 17, p. 198 1956 
Peek Aperture Lamps Applied,”’ a paper presented 
the National Technical Conference of the Iuminating Engineering 
ty, Septembe 11-16, 1960, Pittsburgh, Pa 
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Design and Performance of an 
Inset Runway Light 


| HE NEED for better runway lighting has 


become more acute with each increase in airplane 
size and speed and has been brought into sharp 
foeus by the presence of Jets. This need is one of 
giving the pilot better guidance in the touchdown 
area of a runway. 

Over the years there have been many improve- 
ments in airport ground lighting. Runway edge 
lighting has seen the development of three different 
types of lights to do the job of outlining the edges 
of the runway area. Several different types of ap- 
proach lighting systems had been tried before the 
adoption as a national standard of the centerline 
approach system, with its sequenced flashing con 
denser discharge lights 

These improvements have served also to point up 
the need of better guidance in the landing or touch- 
down area of the runway. This is the area where 
an airplane’s wheels make their initial contact with 
the pavement surface. It is the area which at 
night is referred to by pilots as the ‘black hole” 
because of the absence of lights. 

Two radically different approaches have bee 
tried toward solving this problem of lighting in the 
touchdown area of a runway. One is floodlighting 
the runway surface by edge-mounted floodlights 
The other is by the placement of a configuration of 
signal lights in the touchdown area. 

Floodlighting the runway surface is currently 
being tried and tested using fluorescent floodlight 
luminaires. The optical design of such a luminaire 
was reported at the 1958 IES Conference in At- 
lanta.' More recently, tests are being run at 
National Aviation Facilities Evaluation Center us- 
ing 200-watt incandescent floodlights. 

It has been generally agreed that floodlighting 
the runway surface does a good job in clear weather 
night. centers 


conditions at Some controversy 


A paper presented at the National Technical Conference of the 
Illuminating Engineering Society, September 11-16, 1960, Pittsburgh 
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By C. H. LOCH 


The need for giving pilots better guidance in 
the touchdown areas of a runway has resulted 
in the placement of lights directly in the 
runway pavement. The optimum of a com- 
pletely flush light, which removes all hazard 
to aircraft, works directly against the optical 
requirements of some exposed area, which 
can be seen from far down a runway. This 
paper discusses optical design requirements 
and their compromise with mechanical and 
electrical requirements of such a light. 


around the question of its satisfactory use in mar- 
ginal and bad weather 

The other approach toward providing guidance 
in the runway touchdown area is to place a config- 
uration of signal lights in the runway pavement 

A signal light, as contrasted to a floodlight, is a 
light which points toward the observer and pro- 
vides information to the observer by virtue of its 
color and/or its relative position to other lights. 
Such lights are used for all present-day airport 
ground lighting and are used in the concept of nar- 
row gage lighting. Narrow gage lighting is just 
what the name implies, two rows of signal lights 
straddling the runway centerline, with the rows 
comparatively close together. This configuration 
places the lights in the pilot’s direct foveal vision 
so that they may be seen more easily and better 
define the touchdown area of a runway. 

This concept is being installed at several airfields 
for testing and evaluation. The most thorough 
early tests have been reported by the United States 
Air Force in the installations at Dow and West- 
over Air Force Bases.2 The FAA has a test instal- 
lation at its National Aviation Facilities Evalua- 
tion Center at Atlantic City and the New York 
Port Authority has made an installation at Idle- 
wild. 

As a result of the development of the narrow 
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vave concept, there has also emerged the need for 


light patterns in the runway beyond the touch- 
down area 

One such need has resulted in a row of lights 
down the runway centerline to better guide the 
pilot during the aireraft’s deceleration and roll 
out 

It has also become desirable from the operations 
standpoint of jet aircraft to guide the plane off the 
runway into a taxiway as soon as possible after 
after touchdown and, therefore, while the plane is 
Finch’s 


studies of high-speed taxiway exit design have re 


still moving at a relatively high speed. Dr 
sulted in the concept of a closely spaced row of 
signal lights running for a short distance parallel 
to the runway centerline and then turning off into 
the taxiway 

Several kinds of luminaires, ranging from open 
grid lights to one-inch-high prism lights, have been 
designed to fill the needs of a narrow gage lighting 

sten These have had various degrees of suc 


With 


out going into the pros and cons of these lum 


cess, having advantages and disadvantages 
naires, let us instead review ft design requir 
a signal light whicl an be used in the 
types of service described 
us consider the requirements 
t must direct 
run 

in a position above it suc! is about 
‘ute a landing. Some geometrical calculations 
readily disclose the limits of beam spread. For 
a pilot in a modern fighter air 


His head 


feet above the runway and when looking 


‘ xample 


assum 
raft just touching down on the runway 


light 1000 feet ahe: his line of vision makes 


1 


about ! degree 


In order ights beyond that 
and 1000 feet is covered in only a few seconds by 
modern aircraft) part of the beam must emerge at 
angles even closer to the ground. The structure of 
the cockpit and the nose of the plane determine the 
top cutoff of the beam. The aircraft cockpit per- 
mits the average pilot to see o1 about 15 degrees 


below the horizon at most, and this only if the 


plane is not in a nose-up attitude. Thus, any light 
emerging from the signal light above about 15 de- 
grees from ground level can only shine over the 
pilot’s head becaus: ' the plane’s interference 
Such light : g * angel would only momen 
tarily illuminate ceiling over the pilot’s head as 


he moves across the light 


ould be 


plane may be and 


cvov erned 


lieht 


pilot 


edge of the 
lights 


runway in relation to the centerline 
In such a case, he would be laterally dis- 
placed a maximum of approximately 80 feet. He 
would be approximately 12 degrees off the axis of 
a light 400 feet head, and closer to the axis of any 
more distant light 

Therefore, the beam limits are defined as from 
ground level (0 degrees) to a maximum of 15 de 
grees vertical, and a total lateral spread of 24 
degrees 

The candlepower requirements are dictated by 
the necessity of maintaining a minimum 400-foot 
forward 700-foot visual 


visibility in a runway 


range, as suggested in the proposed National 


Standards for runway touchdown zones, center 


lines, and high-speed taxiway exit lighting By 
Allard’s Law, approximately 350 candlepower is 
needed to have a forward visibility of 144 mile in 
ls-mile runway visual range. This is almost twice 
This 


eandlepower is needed as close to the runway sur- 


the proposed minimum forward vis‘bility. 
face as possible. Such relatively high candlepowers 
to satisfy minimum visual conditions will be too 
high for good weather conditions and, therefore, 
use of the standard brightness controls will be 
necessary for these lights 

It has been proposed that the high speed taxi 
way turn-off lights be further identified by making 
them some distinct color. As such, provisions for a 
color filter must be provided in the light. 

Let us now take a look at the mechanical con 
siderations of such a signal light. The most im- 
portant consideration is that such a light must lend 
itself to relatively simple and inexpensive instal- 
lation in existing runway pavement as well as in 
new runways. For, after all, if these new lighting 
concepts cannot be adapted to present runways 
without tearing them up and completely rebuilding 
them, the expense and time to adapt them will be 
prohibitive. Therefore, a light that mounts in a 
shallow recess in the pavement will be best. Mod 
ern diamond drills and saws can then be used to 
make recesses for the lights and cut shallow slots 
in the pavement for the wires 

Any such light must withstand the loads that 
may be imposed on it by aircraft and other ve- 
hicles. This includes dynamic as well as static 
loads. Modern aircraft tires carry tire pressure of 
300 psi. The maximum internal tire pressure pres- 
ently contemplated is 625 psi. The light must be 
able to take such a load. 

Further consideration of load carrying problems 


soon points up some other important criteria. The 


capacity to carry a static load of 625 psi is one 
thing, whereas the ability to withstand the impact 
load of a not yet rotating tire just before touch 
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Figure lI. 


LAMP WITH REFLECTOR 


Comparison of optical systems. 


down is a very different condition. The protrusior 
of the light above the pavement needs to be con- 
sidered. Obviously, a light completely flush with 
the pavement will be less susceptible to impacts 
from moving objects, whereas one that protrudes 
one or more inches will be more susceptible to dam 
age and more likely to damage the aircraft. The 
effect on other types of vehicles and objects must 
also be considered. For instance, the light must not 
deter snowplow equipment operations. This means 
that it should have gradually sloped edges so that 
a snowplow blade can ride up and over the light 
without damage. Also, any recesses in the light 


should have gradually sloped sides so that the 
blade shoes or dolly wheels will not be snared by 
the light. Another unsuspected hazard to the light, 
on military field at least ,is that of tailhooks. These 
are a minimum of 114 inches wide and give another 
reason for making any recesses narrow, with slop 
ing sides 

The light must also lend itself to easy mainte 


nance. Relamping time should be kept to a mini 





Figure 2. A bidirectional 45-watt inset light. 
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mum because there are many runways that cannot 
be shut down for lengthy periods. This same rea- 
soning applies to periodic cleaning. 

Let us also look at the electrical requirements of 
such a light. Transformers must be used to connect 
these lights with the rest of the airport lighting. A 


transformer at the light location requires more 


space in the runway and requires running the high- 


voltage primaries of the transformer out into the 
runway. A more practical arrangement from the 
standpoints of transformer servicing and electrical 
safety would be to mount the transformers at the 
edge of the runway and earry the low-voltage sec- 
ondaries out to the lights in the runway. 

Further, the lights must be operable under all 
weather extremes, including combinations of rain, 
snow, wind, heat, and cold. Being in the runway 
and partly recessed, it is conceivable that the light 
will sometimes have to operate while completely 
submerged or icebound. If it is in an arid desert 
region, it must withstand high heat. The exhaust 
from jet engines probably represents the highest 
velocities of wind that may be encountered, but re- 
member that these are tremendously hot as well 

Probably the most important consideration of a 
design solution to the above mentioned criteria is 
that of choice of a light source. The compactness 
and high lumen maintenance throughout life of the 
45-watt quartz iodine-cycle lamp, reported at the 
1959 IES Convention in San Francisco,‘ lends it- 
self very well to the design of a compact signal 
light 

Since the optical requirements of a sizable illu- 
minated source above the pavement work directly 
against the safety requirements of minimem pro- 
trusion, a compromise is obviously necessary A 
review of runway construction and maintenance 


shows that caulking for expansion joints has a per- 


Figure 3. An inset light receptacle with bidirectional 
(left) and unidirectional (right) top assemblies. 
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Figure 4. 


missible height of 4 inch and has not proven detri- 
mental to aircraft operations or equipment. Let 
this 44 inch be the maximum limit of the protru 
sion of the light above the runway 

A choice of optical system is the next most im 
portant consideration. Several possibilities of form 


) 


ing the beam exist 1) bare lamp; (2 lamp with 


a lens; (3) lamp with a reflector; or (4) a com 
bination of lens and reflector with the lamp. Of 
these, the first is limited to the candlepower that 
the bare lamp can produce. The latter three permit 
multiplication of bare-lamp candlepower and flexi 


With a 


given thickness of metal for strength over the op 


bility in direeting and shaping the beam 


tics, a lens or reflector will direct light at angles 
closer to the runway than will be possible with a 
Of the latter 


three, the lens lends itself particularly well toward 


bare lamp. This is shown in Fig. 1 
construction of an enclosed luminaire. It can be 
sealed into the luminaire and serve to keep dirt and 
debris from accumulating around the lamp 

An enclosed luminaire is desirable from several 
other standpoints. In a luminaire which is almost 
entirely under ground, an exposed lamp would, at 
times, have to operate while submerged under wa- 
ter or with air constantly blowing across the bulb 
Such operation is not recommended by the lamp 
designers. With a sealed luminaire, it is not neces 
sary to seal the electrical connections to the lamp 
itself. Therefore, a standard lamp may be used. 

The final design of a luminaire which satisfies 
the design requirements is an 8-inch diameter light, 
2. It isa 


receptacle with 


144 inch thick over-all, as shown in Fig 


two piece constructior having a 


wire leads which is permanently cemented into the 


runway pavement, and a top assembly which 
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Figure 5. A_ unidirectional 45-watt inset light as it 
would appear when installed in pavement. 


mounts in the receptacle and contains the lamp. 
lens, mounting bolts, electrical contacts, color filter 
Two top assemblies were 
developed—one a light, and the 
other a bidirectional light. Either will mount on 
the receptacle. Both top assemblies and a recep 


if used) and gaskets. 


unidirectional 


tacle are shown in Fig. 3 


Typical photometric performance is shown in 
Fig. 4 


through the lateral beam axis. 


The curve is a vertical candlepower trace 
The beam is rec- 
tangularly shaped, approximately 26 degrees wide, 
with rounded corners 

The luminaire described here is a result of an 
attempt to provide the best possible luminaire to 
meet the operational requirements and criteria 
mentioned earlier. Fig. 5 shows the unidirectional 
luminaire as it would appear when mounted in 
pavement. Undoubtedly, more imrovements will be 
made. These may take the course of using higher 
wattage lamps or of using improved opties in 
the luminaire to improve performance at low an- 
gles. These lights are being installed on several 
United States Air Force and civilian fields though 


out the country 
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DISCUSSION 


W. C, Fisner:* The 


number of configurations of narrow gage lighting and finds 


Federal Aviation Agency 


entire length of 


different 


it important to have centerline lights the 


the narrow gage lighting. We recently tested five 


systems. The system hich ri i a narrow gag 


with centerline and the rat lf was iden 


Al, xcept tha the 


if the narrow gage lighting 


+} 


t important aspect of } vy lighting is 


mos 


ine of lights At present, we are testing severa 


‘ ' 


termine whether 


gurations in order to de 


mprovements ov the narrow 
Ion, 


; 


the opti requirements give! theoretix 


rrect on the basis of the assumptions made, there are 


‘ 


of factors which might very well cause a different 


quirements. Some examples of these 
ince the pi is normally at about 
ement when crosses the threshold, 
sirable for the vertical beam spre 

e horizontal 


is not considered 


e to hold insta 
} 


more tha } inch, in order 


horizontal spre 


‘ cert 


low! 
l degre« 
One of the major 
roblem of keeping ‘ " f light 
ight causes problems with contacts 
\ second objection to the enclosed 
this type of unit, which is inherent 


the open type 


PAUGH The author mentions that operation 


45-watt quartz iodine-cycle lamp while it is submerged 
der water or while air is constantly blowing across th: 
is not recommended by the lamp designers. I 
needs clarification. 

The statement is true providing the conditions ci 
duce the bulb temperature of this lamp below 250°C when 
the lamp is operated at rated current. This will produce 
bulb wall blackening, since the iodine cycle will not operate, 
resulting in a poor lamp maintenance characteristic. How 
ever, if the lamp is operated at reduced bulb wall tempera 
ture for 


a relatively short time, compared to the time the 


lamp is burned with normal bulb temperature, there is no 
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apparent change in lamp mamtenance since the iodine cyele, 
when operating, not only prevents bulb wall blackening, but 
will remove bulb wall blackening resulting from the opera 
tion of the lamp at bulb wall temperatures which are be 


low 250°C 


T. M. Lemons 
talking about 
Air Fores 

*‘button’’ h its design 
those of the Air 


Mr. Loch does not meet th 


From the title of this paper we find we are 


‘inset’’ runway lights, a term used by the 


Aviation Agency uses the term 
requirements differ from 
deseribed by 


Federal 


Agency, I assume that he i aling only with the 


Force Since the iminaire 
specifications of the 


Aviation 
Air Fores 


£ 
requirements 
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ip a dilemma faced by luminaire manu 
ith research and development personnel 
Air Force indicate that ‘‘button’’ or 


The F. A. A. is using 


Experimental Center 


top prior tv items 
ion Facilities 
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The Air Force, 


g a test cen iluate its requirements. 


howeve 


tem is based on good engineering principles, but it might 
flaws 

that for 4% mile forward visibility 35 

requirement for this signal system. In the 

lighting system, the Air Force has es 

riteria. Therefore, 

many 0 ig f pilot’s field of view. What 

effect at the 


at the candle 


additive 


onsidet 


gle luminal 


vs the ecandlepower performance of the ‘‘inset’’ 


Is it not possible that high candlepower in the 


might produce a veiling re, lim 


degree zon 
minating viewing lights further down the uD 


andlepower correspo! ‘ hs in the zero-to 


zone? 


since this 
Finch. Is th 
th the jet 


A. Dovel Mr. Loch’s comments regarding the very 


small angles of ation at which the more distant lights 


ire viewed when the aircraft is on the runway, and the in 


effectiveness of the light which is directed at angles of 


elevation larger than 15 degrees, are particularly pertinent. 


Ilowever, he understates the requirement for light at low 


angles when he states that part of the beam must emerge 


at angles of one-half degree and less. For maximum effec 


tiveness the these angles should be equal, or 


intensity of 


very nearly equal, to the peak intensity. 


In computing the visual range of a 350-candlepower light 


as % mile when the runway visual range is %& mile, the 


author has, quite understandably, confused the terms ‘‘ run 


way visual range’’ and ‘‘runway visibility.’’ Runway vis 
ual range is the distance the average pilot is expected to see 
high intensity 


runway lights. It is computed from trans 


missometer measurements assuming an intensity of 10,000 
candelas for the runway lights. If the intensity of a light 
is less than 10,000 eandelas the light will, of course, be 
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isible for a distance which is | is viewed when at maximum range, not necessarily on the 
range peak intensity, 
Runway visibility is é ied from transmissome b) Those concerned with airport operations and design 
ter measurements, but di 1 meteorological must be made aware of the penalties in performance which 
server is expected to k ob yy day and low result from restricting inset runway lights to very low 
intensity lights, of the by night. Be heights and of the increases in performance and effective 
ise of the differences b pi ’ thresholds and ob ness which result from very small increases in height. 


thresholds, runway li must have in intensity 


range of 300 to 500 « ‘ or the visual range o 


runway light to be “% mile when the runway visibility is gard to Mr Fisher’s comments on the 
mile The intensity of the veloped by Mr. Loch cost of enclosed inset-type lights, | would like to point out 


s within this range when th le of view is between four that any cost analysis should be of maintained costs, in 


six degrees above the horizo However, when the cluding the first costs of installation, and replacement part 


height is nine feet tile ahead is viewed costs. The higher initial cost of an enclosed light will be 


less than 0.8 degre« wove the horizontal, At offset by the use of a less expensive replacement lamp 
ew the ensi yf igh is about 40 element 


nee the distance ig seen is con As to the matter of protrusion, I can only reiterate that 


than the 1 ; , ; lity when the for a given fractional inch of protrusion, the use of optics 


a from , which is on the will provide more low-angle light. 
I thank Mr. Paugh for his clarification of the lamp op 
ements of th erating conditions It should be noted, however, that an 


lity distance exposed lamp is more likely to be subjected to low-tem 
the order perature extremes, and its use will be limited in cireuits 


aving brightness contro 

pilot eve height of nin« In answer to Mr. Lemon’s question, this light was de 

is 1.3 degrees above the hor signed to meet Air Foree eriteria. The differences in re 

the present light has quirements of military and government specifications is 

Consequenth a dilemma for the manufacturers, and has been for 

rhe Air Foree does, however, consider the re 

ests made by the F.A.A., and will follow F.A.A. 

requirements unless they adversely affect conditions peculiar 
to military operations, 

I want to thank Mr. Douglas for his clarification of th 
terms ‘‘runway visibility’’ and ‘‘runway visual range 
His discussion of the requirements of peak candlepower at 
even lower angles is important and I agree that this is the 


lirection in whiel ire improvements must be made 
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